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PREFACE  

This thesis is submitted in an article format in accordance with the General Academic Rules 

(A.13.7.3) of the North-West University. 

The document includes three articles which are to be submitted to the following journals, in 

order: Bioorganic & Medicinal Chemistry Letters, European Journal of Medicinal Chemistry and 

Bioorganic & Medicinal Chemistry. The articles are prepared according to the author’s 

guidelines, available in the author information pack on the individual journals homepages: 

 

https://www.elsevier.com/journals/bioorganic-and-medicinal-chemistry-letters/0960-894x/guide-

for-authors 

https://www.elsevier.com/journals/european-journal-of-medicinal-chemistry/0223-5234/guide-

for-authors 

https://www.elsevier.com/journals/bioorganic-and-medicinal-chemistry/0968-0896/guide-for-

authors 

  

https://www.elsevier.com/journals/bioorganic-and-medicinal-chemistry-letters/0960-894x/guide-for-authors
https://www.elsevier.com/journals/bioorganic-and-medicinal-chemistry-letters/0960-894x/guide-for-authors
https://www.elsevier.com/journals/european-journal-of-medicinal-chemistry/0223-5234/guide-for-authors
https://www.elsevier.com/journals/european-journal-of-medicinal-chemistry/0223-5234/guide-for-authors
https://www.elsevier.com/journals/bioorganic-and-medicinal-chemistry/0968-0896/guide-for-authors
https://www.elsevier.com/journals/bioorganic-and-medicinal-chemistry/0968-0896/guide-for-authors


iii 

ACKNOWLEDGEMENTS 

The following people and institutions have made an impact towards this achievement. Therefore 

I am obliged to thank them from the deepest of my heart for their support and contributions: 

Almighty God, for making my paths straight because in him I have faith. 

Dr LJ Legoabe, my supervisor, for his continuous support and enthusiasm throughout this 

study. Dr Lesetja you are the most hardworking mentor I have ever come across and gave me 

courage every day. 

Prof J Petzer, my assistant-supervisor. Thank you very much for making time to assist in your 

esteemed capacity. 

Prof A Petzer, my co-supervisor. You are highly appreciated for the exposure and guidance 

with the biological work covered in this study. Your organisational skills are exemplary. 

Mr A Joubert, for the NMR spectra. 

Dr J Jordaan, for the HRMS spectra. 

The University of Namibia (UNAM), for making this study opportunity possible by affording me 

a study leave and a staff development fund to partially finance this study. 

Namibian Student Financial Assistant Fund (NSFAF), for additional needed financial 

assistance. 

Deutscher Akademischer Austauschdienst (DAAD), for additional funding received for the 

academic year 2016. 

National Research Foundation (NRF), for financial support. 

My husband, Remigius, for the unending love, faith, support and encouragements. 

My Grandmother, Frieda, for the love, faithful prayers and wisdom all my life. 

My parents, friends and family, for emotional support from all corners of life.  



iv 

ABSTRACT 

Keywords: chalcones, monoamine oxidase inhibitors, Parkinson’s disease, 2-benzylidene-1-

tetralone 

 

Parkinson’s disease (PD) is the second most-prevalent age-related neurodegenerative disorder 

following Alzheimer’s disease. The manifestation of clinical PD begins after a loss of neurons 

from the substantia nigra pars compacta (SNpc) which lead to the striatal dopamine (DA) 

deficiency and dysregulation of the motor circuits that project throughout the basal ganglia. The 

classical PD symptoms are bradykinesia, rigidity and tremor while non-motor symptoms such as 

dementia, psychosis, depression and apathy also occur. The majority of the population affected 

by PD is in the aged group over 65 years. 

 

To date, there is no known cure for PD except for the symptomatic relief of motor symptoms 

using a variety of therapies such as levodopa (L-3,4-dihydroxyphenylanine or L-Dopa), DA 

agonists and monoamine oxidase B (MAO-B) inhibitors. These therapeutic agents are often 

used in combination to ensure effective alleviation of symptoms. However, due to adverse 

effects arising from combined therapies, research into monotherapies for PD is on-going. 

Amongst others the MAO enzymes, especially the MAO-B isoform, are of particular interest for 

PD therapy. 

 

MAO (A and B) enzymes are flavin adenine dinucleotide (FAD) dependent enzymes found in 

the outer mitochondrial membrane of neuronal, glial and other mammalian cells where they 

catalyse the oxidative deamination of neurotransmitters. MAO-B is predominant in the basal 

ganglia where it metabolises DA to yield hydrogen peroxide and aldehydes. These compounds 

may lead to the accumulation of the hydroxyl radical, formed via the Fenton reaction. Therefore, 

the inhibition of MAO-B may increase physiological DA levels in the brain and may act as 

neuroprotector against hydroxyl radicals and oxidative stress. Apart from DA and tyramine, 

which are metabolised by both MAO isoforms, MAO-B is also responsible for the metabolism of 

other neurotransmitters such as benzylamine and 2-phenylethylamine. MAO-A on the other 

hand, selectively breaks down amines such as noradrenalin, adrenalin and serotonin, hence 

MAO-A is a target for other disorders such as anxiety and depression. It is noteworthy that 

irreversible inhibitors of MAO-A can pose toxicological threats when combined with serotonin 

drugs and tyramine rich food diets resulting in the serotonin syndrome and “cheese effect”, 

respectively. 
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Irreversible MAO inhibitors (especially isoform non-selective inhibitors) may pose undesirable 

risks. For example, selective irreversible MAO-B inhibitors such as selegiline and rasagiline 

show good inhibitory MAO activities at low doses although isoform selectivity is lost at high or 

repeated administration. Thus application of selective reversible MAO-B inhibitors is 

recommended for PD therapy. 

 

Chalcones have recently attracted attention as potential MAO inhibitors for PD therapy. A study 

by Chimenti and colleagues (2009) reported promising activities of chalcones as inhibitors of 

MAO-B with the most potent compound displaying an IC50 of 0.0044 μM. This compound also 

exhibited high isoform selectivity (SI > 11364) in favour of MAO-B. In addition, Robinson, and 

co-workers (2013) examined the MAO inhibition activity of furanochalcones. The most active 

compound exhibited an IC50 value of 0.174 µM for the inhibition of MAO-B and 28.6 µM for the 

inhibition of MAO-A. The results demonstrate that these furan substituted chalcones exhibited 

moderate to good inhibitory activities towards MAO-B, but showed weak or no inhibition of the 

MAO-A enzyme. Based on the validity of chalcones as potential MAO-B selective inhibitors, this 

study will explore structure-activity relationships (SARs) of cyclic chalcones, which are 

conformational restricted forms of chalcones. In this regard, the study will focus on the 2-

benzylidene-1-tetralone class of compounds with various substituents (polar and lipophilic) on 

rings A and B. SARs will also explore 2-heteroarylidene-1-tetralone derivatives and the effects 

of these substitutions on the MAO inhibition activities. The open chain chalcone will also be 

compared to the cyclic tetralone derivatives. This is based on the consideration that restricted 

analogues are envisaged to, at least, retain the activity and to have better isoform selectivity 

compared to “open-ring” chalcones. 

 

Chemistry: The cyclic (benzylidenes and heteroarylidenes) along with the open-chain chalcone 

analogues were studied as three separate series and were synthesised via the Claisen-Schmidt 

reaction. Depending on the chemical behaviour of the reactants in solution, the reactions were 

carried out in the presence of either an acid (concentrated hydrochloric acid) or a base 

(potassium/sodium hydroxide or piperidine) as catalysts. The precipitates obtained by addition 

of water were dried and recrystallised from appropriate solvents. Chemical characterisation of 

the structures consisted of nuclear magnetic resonance spectroscopy (NMR) and high 

resolution mass spectroscopy (HRMS), whereas purities in the range 96–100% (with exception 

of two compounds; 1d of series 1 at 87.5% and 2c of series 2 at 89.4%) were confirmed by high 

performance liquid chromatography (HPLC). 
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MAO inhibition studies: The inhibition potencies of the test inhibitors of the three different series 

were expressed as IC50 values from which the selectivity index (SI) values were determined. 

The measurement of IC50 values was done by employing the recombinant human enzymes and 

kynuramine as the substrate. The first series studied the MAO inhibition properties of 

benzylidene-substituted indanones, tetralones, benzosuberones, chromones, chromanones and 

thiochromanones. The results indicated that the compounds are moderate inhibitors of MAO 

with significant selectivity for the MAO-B isoform. The series consisted of 8 compounds, of 

which 5 exhibited IC50 values below 1 μM, while one inhibitor 1h showed no activity for either 

MAO isoforms. Compound 1b (a chromone) exhibited the most potent inhibition activity (IC50 = 

0.157 μM) and is isoform specific for MAO-B. With regards to the MAO-A isoform, low inhibition 

potencies were recorded for the series with the most potent inhibitor, 1f (an indanone), 

exhibiting an IC50 value of 0.346 μM, with a poor isoform selectivity of 0.822. It was concluded 

that ring expansion to bigger enone rings reduces MAO activity. Therefore, the second series 

focused on 2-benzylidene-1-tetralones (6-membered ring analogues). The tetralones exhibited 

relatively moderate and selective inhibition of the MAO-B isoform, with 2u being the most potent 

inhibitor with an IC50 value of 0.0064 μM. Compound 2p, the most potent MAO-A inhibitor in this 

series, displays an IC50 value of 0.753 μM. Inhibitor 2t possessed the highest selectivity (SI: 

787). The last series studied investigated 2-heteroarylidene-1-tetralone derivatives (4). All 12 

compounds explored except for 4g (MAO-A specific) showed selective inhibition for MAO-B. 

Amongst the 2-heteroarylidene-1-tetralone derivatives, the non-aromatic cyclohexyl ring (4a) 

yielded relatively potent MAO-B inhibition (IC50 0.895 μM), which is the highest inhibition activity 

towards MAO-B in the series. Contrary to that, the 2-chloro-3-pyridine derivative (4g) was the 

most potent and selective MAO-A inhibitor of the series with an IC50 value of 1.37 μM. This 

makes it a potential drug for the treatment of depression. It was also observed that non-aromatic 

ring expansion from cyclopentane (4b) to cyclohexane (4a) improves MAO activity significantly. 

 

It may be concluded that this study successfully synthesised series of cyclic chalcone 

derivatives and recorded promising MAO inhibition activities for many of the compounds. 

Selective and potent MAO-B inhibitors, in particular, may find application in the treatment of PD.  
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OPSOMMING  

Sleutelwoorde: chalkone, monoamienoksidase-inhibeerders, Parkinson se siekte, 2-

bensielideen-1-tetraloon 

 

Parkinson se siekte (PS) is die tweede mees algemene ouderdomsverwante 

neurodegeneratiewe siekte naas Alzheimer se siekte. Die kliniese simptome van PS volg op die 

verlies van die neurone van die substantia nigra pars compacta (SNpc) wat striatale dopamien- 

(DA) tekort en wanregulering van die motoriesebane van die basale ganglia veroorsaak. Die 

klassieke simptome van PS is bradikinese, rigiditeit en tremore, terwyl nie-motoriese simptome 

soos demensie, psigose, depressie en apatie ook voorkom. Die ouderdomsgroep ouer as 65 

jaar is die gedeelte van die gemeenskap waar PS die meeste voorkom.  

 

Tans bestaan daar geen genesing vir PS nie en die motorsimptome word met verskeie 

geneesmiddels soos levodopa (L-3,4-dihidroksiefenielalanien of L-Dopa), DA-agoniste en 

monoamienoksidase B (MAO-B) inhibeerders behandel. Hierdie geneesmiddels word baie keer 

in kombinasies gebruik om effektiewe verligting van simptome te verkry. As gevolg van die 

newe-effekte van kombinasieterapie word navorsing gedoen vir die ontwikkeling van 

alleenterapieë vir PS. Onder andere is die MAO-ensieme, veral die MAO-B-isovorm, van belang 

in die behandeling van PS. 

 

MAO (A en B) ensieme is flavienadeniendinukleotied- (FAD) afhanklike ensieme wat in die 

mitochondriale membrane van neuronale-, glia- en ander soogdieselle gevind word waar hulle 

die oksidatiewe deaminering van neuro-oordragstowwe kataliseer. MAO-B kom hoofsaaklik in 

die basale ganglia voor waar dit DA metaboliseer om waterstofperoksied en aldehiede te lewer. 

Hierdie verbindings kan lei tot die akkumulasie van hidroksielradikale en oksidatiewestres. Die 

inhibisie van MAO-B kan dus die fisiologiese konsentrasies van DA in die brein verhoog en as 

neurobeskermend optree teen hidroksielradikale en oksidatiewestres. Behalwe vir DA en 

tiramien wat deur beide MAO-isovorme gemetaboliseer word, is MAO-B ook verantwoordelik vir 

die metabolisme van ander neuro-oordragstowwe soos bensielamien en 2-fenieletielamien. Op 

sy beurt metaboliseer MAO-A amiene soos noradrenalien, adrenalien en serotonien, en MAO 

tree dus op as teiken vir die behandeling van siektetoestande soos angs en depressie. Dit is 

merkwaardig dat onomkeerbare inhibeerders van MAO-A toksikologiese newe-effekte kan 

veroorsaak as dit met serotonergiesemiddels en tiramien-bevattende voedsel gekombineer 

word om tot die serotoniensindroom en “kaasreaksie”, onderskeidelik te lei. 
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Onomkeerbare MAO-inhibeerders (veral isovorm-nieselektiewe inhibeerders) kan onverwagte 

effekte toon. Selektiewe onomkeerbare MAO-B-inhibeerders soos selegilien en rasagilien toon 

goeie MAO-inhibisie aktiwiteite by lae dosisse terwyl isovorm selektiwiteit verlore gaan met hoë 

dosisse en herhaaldelike toediening. Selektiewe omkeerbare MAO-B-inhibeerders word dus 

aanbeveel vir die behandeling van PS.  

 

Chalkone het onlangs belangstelling ontlok as moontlike MAO-inhibeerders vir die behandeling 

van PS. ŉ Studie deur Chimenti en kollegas (2009) lewer verslag oor die belowende aktiwiteite 

van chalkone as MAO-B-inhibeerders met die mees potente verbinding wat ŉ IC50 waarde van 

0.0044 µM toon. Hierdie verbinding besit ook ŉ hoë mate van selektiwiteit vir MAO-B (SI = 

11364). Robinson en medewerkers (2013) het op hul beurt weer die MAO-inhibisie aktiwiteite 

van furanochalkone ondersoek. Die mees aktiewe verbinding toon ŉ IC50 waarde van 0.174 µM 

vir die inhibisie van MAO-B en 28.6 µM vir die inhibisie van MAO-A. Dié resultate wys dat 

furaan-gesubstitueerde chalkone matig tot goeie inhibisie aktiwiteite teenoor MAO-B besit, maar 

swak of geen inhibisie van die MAO-A-isovorm toon. Op grond van die selektiewe inhibisie van 

MAO-B deur chalkone, ondersoek hierdie studie die struktuuraktiwiteitsverwantskappe (SAVe) 

van sikliese chalkone, wat as die geslote-konformasie analoë van chalkone beskou kan word. 

Hierdie studie fokus op die 2-bensielideen-1-tetraloon klas verbindings met verskeie 

substituente (polêr en lipofiel) op ringe A en B. Die SAVe van 2-heteroarielideen-1-tetraloon 

derivate en die effekte van hierdie substituente op MAO-inhibisie sal ook ondersoek word. Die 

oop-ketting chalkone sal ook met die sikliese-ckalkoonderivate vergelyk word. Hierdie 

vergelyking word getref omrede geslote-konformasie chalkone moontlik aktiwiteit sal behou 

terwyl dit beter isovorm-selektiwiteit mag besit vergeleke met oop-ketting chalkone.  

 

Chemie: Die sikliese (bensielidene en heteroarielidene) en oop-ketting chalkone is as drie 

verskillende reekse ondersoek en is gesintetiseer deur die Claisen-Schmidt reaksie. 

Afhangende van die chemiese reaktiwiteit van die reaktante in oplossing, is die reaksies in die 

teenwoordigheid van óf ŉ suur (gekonsentreerde soutsuur) of ŉ basis (kalium- of 

natriumhidroksied, of piperidien) as kataliste uitgevoer. Die presipitate wat verkry is na 

byvoeging van water is gedroog en geherkristalliseer uit toepaslike oplosmiddels. Die strukture 

is chemies gekarakteriseer deur kernmagnetieseresonans- (KMR) spektroskopie en hoë-

resolusie massaspektroskopie (HRMS), terwyl die suiwerhede met hoëdruk-

vloeistofchromatografie bepaal is. Die suiwerhede het gewissel van 96-100%, met die 

uitsondering van 1d (reeks 1) en 2c (reeks 2) wat suiwerhede van 87.5% en 89.4%, 

onderskeidelik, getoon het. 
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MAO-inhibisie studies: Die potensies van MAO-inhibisie deur die toetsinhibeerders van die drie 

verskillende reekse is uitgedruk as die IC50 waardes, en hieruit is die selektiwiteitsindeks (SI) 

bereken. Die IC50 waardes is bepaal deur van die rekombinante mensensieme en kinuramien as 

substraat gebruik te maak. Met die eerste reeks is die MAO-inhibisie eienskappe van 

bensielideen-gesubstitueerde indanone, tetralone, bensosuberone, chromone, chromanone en 

tiochromanone ondersoek. Die resultate wys dat dié verbindings matig potente inhibeerders van 

MAO is, met selektiwiteit vir die MAO-B-isovorm. Hierdie reeks het uit 8 verbindings bestaan 

waarvan 5 verbindings IC50 waardes laer as 1 µM besit het terwyl een inhibeerder, 1h, geen 

aktiwiteit vir die MAO-isovorme getoon het nie. Verbinding 1b (ŉ chromoon) was die mees 

potente inhibeerder (IC50 = 0.157 µM) en besit ook selektiwiteit vir MAO-B. Met betrekking tot 

MAO-A is swak inhibisie vir die reeks aangeteken en die mees potente inhibeerder 1f (ŉ 

indanoon) besit ŉ IC50 waarde van 0.346 µM en swak isovorm-selektiwiteit (SI = 0.822). Daar is 

tot die gevolgtrekking gekom dat ringvergroting om groter enoonringe te lewer, MAO-inhibisie 

aktiwiteit verlaag. Om hierdie rede fokus die tweede reeks op 2-bensielideen-1-tetralone 

(seslidringanaloë). Die tetralone toon matige en selektiewe inhibisie van MAO-B met 2u as die 

mees potent inhibeerder met ŉ IC50 waarde van 0.0064 µM. Verbinding 2p is die mees potente 

MAO-A inhibeerder van die reeks met ŉ IC50 waarde van 0.753 µM. Inhibeerder 2t besit die 

beste selektiwiteit (SI = 787). Die laaste reeks bestudeer 2-heteroarielideen-1-tetraloon derivate 

(4). Behalwe vir 4g (MAO-A-selektief) is die 12 inhibeerders selektief vir MAO-B. Onder die 2-

heteroarielideen-1-tetraloon derivate het die nie-aromatiese sikloheksielring (4a) die beste 

MAO-B-inhibisie gelewer. In teenstelling hiermee was die 2-chloro-3-piridienderivaat (4g) die 

mees potente MAO-A inhibeerder in die reeks. Hierdie verbinding is dus ŉ potensiële middel vir 

die behandeling van depressie. Daar is ook aangeteken dat nie-aromatiese ringvergroting van 

siklopentaan (4b) na sikloheksaan (4a) MAO-inhibisie aktiwiteit betekenisvol vergroot. 

 

Die gevolgtrekking kan dus gemaak word dat reekse sikliese-chalkoonderivate met sukses 

gesintetiseer is en dat belowende MAO-inhibisie aktiwiteite vir baie verbindings aangeteken is. 

Selektiewe en potente MAO-B-inhibeerders kan vir die behandeling van PS aangewend word.  
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CHAPTER 1: INTRODUCTION AND PROBLEM STATEMENT 

1.1 Introduction 

1.1.1 Parkinson’s disease 

Parkinson’s disease (PD) was first described in 1817 by James Parkinson and is the second 

most prevalent age-related neurodegenerative disorder following Alzheimer’s disease (AD) 

(Dauer & Przedborski, 2003). The World Health Organization (WHO) classifies neurological 

disorders as diseases of the central and peripheral regions with great causal potential of 

mortality. Statistics indicate that neurodegenerative related deaths constituted 11.84% of deaths 

globally in 2015 and will be 12.22% by 2030 (Singh et al., 2015). PD is characterised by the 

depigmentation of the substantia nigra pars compacta (SNpc) as a result of the selective and 

progressive degeneration of dopaminergic neurons (Lees et al., 2009). The subsequent 

depletion of dopamine in the central regions leads to abnormal regulation of the motor circuit 

and the clinical manifestation of PD (Dauer & Przedborski, 2003). 

 

The classical motor symptoms of PD, bradykinesia, rigidity and tremor develop when 

approximately 50% of the striatal dopaminergic nigrostriatal neurons and approximately 80% 

striatal dopamine (DA) production are lost (Muller, 2015). Since the discovery of levodopa as 

therapy for PD 45 years ago, levodopa has been the most effective therapy for the symptomatic 

treatment of PD. Levodopa constitutes dopamine replacement (Thanvi & Lo, 2004). Although 

considered the “gold standard” therapy, chronic levodopa usage may result in motor 

complications which may be associated with the loss of dopamine neurons and post-synaptic 

changes caused by prolonged intermittent levodopa administration (Agid, 1999). These adverse 

effects can be as disabling as the disease itself and are often inevitable. This led to the 

application of other drugs as replacement and/or adjunct therapies to levodopa which are aimed 

at preventing or treating chronic levodopa complications. These include amongst others 

dopamine agonists, peripheral dopa decarboxylase (DCC) inhibitors, catechol-O-methyl-

transferase (COMT) inhibitors and monoamine oxidase (MAO)-B inhibitors. Unfortunately, some 

of these alternative therapies may also result in complications; therefore much research is 

aimed at discovering new potent and safe drugs for PD. 

 

1.1.2 MAO inhibitors 

The MAOs are outer mitochondrial membrane enzymes found in neuronal, glial and other 

mammalian cells (Ferino et al., 2013), and exist as two isoforms, MAO-A and MAO-B. The two 

isoforms catalyse the deamination of various neurotransmitters in mammals. For example, DA 

and tyramine are substrates of both MAO enzymes (Ferino et al., 2013). The two isoenzymes 
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are substrate specific, a feature which plays a role in pathological conditions. MAO-A affect 

neurotransmitters involved in depression and anxiety, whilst MAO-B plays a role in neurological 

disorders such as AD and PD (Fowler et al., 2002). MAO inhibitors can be selective/non-

selective and reversible/irreversible. Selectivity and reversibility of MAO inhibition are important 

considerations for the “cheese reaction”. This is a hypertensive crisis resulting from the 

accumulation of tyramine in the periphery due to inhibition of MAO-A (Finberg, 2014). The brain 

contains mostly the MAO-B isoform and selective inhibitors of MAO-B are used in PD treatment 

as monotherapy or adjunct to levodopa. MAO-B inhibitors are not associated with the “cheese 

reaction”. Selegiline and rasagiline are examples of MAO-B inhibitors that are used in the clinic 

for PD therapy (Hubalek et al., 2005; Finberg, 2014). 

 

The physiological function of MAO is to metabolise both endogenous and dietary amines. The 

by-product of these reactions is mainly hydrogen peroxide, which may lead to the formation of 

reactive oxygen species (ROS). ROS are known to induce oxidative stress in the central 

nervous system (CNS) ( Stewart, 2008; Macphee & Stewart, 2012). Oxidative stress has been 

implicated in the neuropathogenesis of PD and the inhibition of central MAO-B may thus have a 

neuroprotective effect. 

 

1.1.3 Chalcones as MAO inhibitors 

The application of MAO-B inhibitors in the therapy of PD makes the discovery of new and 

effective compounds a worthwhile pursuit. In particular, compounds from the chalcone class 

have recently been shown to act as MAO inhibitors. Various structure-activity relationships 

(SARs) studies indicated that chalcones are a general class of MAO-B selective inhibitors. 

Hence continued effort is being made to discover more potent and selective chalcones. 

Chimenti and co-workers (2009) used the open chain chalcone scaffold to identify suitable 

substituents for MAO inhibition while other researchers substituted the phenyl ring A for furan. 

Although the natural chalcones displayed better MAO inhibition than the furan-based chalcones, 

both scaffolds possessed selectivity and highest potency for the MAO-B isoform over the MAO-

A isoform (Chimenti et al., 2009; Robinson et al., 2013). 

 

The current study further explores the SARs for chalcones as MAO inhibitors by introducing 

conformational restriction. This will be done by cyclizing the structure of chalcone to yield 2-

benzylidene-1-tetralone derivatives (Figure 1.1). Further structure modification will explore 

substitution of the B-ring of chalcone with heteroaromatic moieties and making modifications to 

ring C. 
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Figure 1.1: Open chain and restricted chalcone scaffolds. 

 

1.2 Hypothesis 

The MAO inhibitory activity of the “open-ring” chalcone scaffold with various substituents on 

both or either of the aromatic rings A and B has been explored. Further studies reported effects 

of substitution of the aromatic ring A with heteroaromatic moieties. All studies indicated that 

various chalcone derivatives inhibit the MAOs, hence the chalcone scaffold has been validated 

as a promising lead for the discovery of MAO inhibitors. Thus, the current study will contribute 

with the hypothesis that, cyclic chalcones (restricted analogues) will possess MAO inhibition 

activities. The restricted analogues are envisaged to at least retain the activity and to have 

better isoform selectivity compared to the “open-ring” chalcones. 

 

1.3 Rationale 

Based on the clinical utility of MAO inhibitors, the discovery of new classes of MAO inhibitors is 

merited. Therefore, toxicological and adverse effects of MAO inhibitors are an important 

consideration. Research has identified libraries of MAO inhibitors with excellent inhibitory 

activity, but drug safety standards often hinder their clinical application. Drug safety issues of 

MAO inhibitors are mainly associated with irreversible and non-selective inhibitors. These 

inhibitors are associated with the “cheese reaction” when combined with fermented diets. Other 

adverse effects such as the serotonin syndrome occur when irreversible especially non-

selective MAO inhibitors are used in combination with certain drugs. These include; serotonin 

re-uptake inhibitors such as venlafaxine, clomipramine and tramadol as well as MAO inhibitors: 

tranylcypromine, moclobemide and toloxatone (Gillman, 2005). 

 

This study will employ cyclic chalcones (2-benzylidene-1-tetralone derivatives) for the design of 

novel chalcone-based MAO inhibitors. A series of “open-ring” chalcones have been studied and 

exhibit excellent potency for MAO-B and moderate inhibition activity for MAO-A. A recent study 

reported promising MAO-B inhibition activity of chalcones with the most potent compound (1) 

possessing a 50% inhibitory concentration (IC50) of 0.0044 μM and high isoform selectivity (SI > 

11364) in favour of MAO-B (Chimenti et al., 2009). In another study, the MAO inhibitory 
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activities by furanochalcones were examined. The most active compound, 2E-3-(5-chlorofuran-

2-yl)-1-(3-chlorophenyl)prop-2-en-1-one (2), exhibited an IC50 value of 0.174 µM for the 

inhibition of MAO-B and 28.6 µM for the inhibition of MAO-A (Robinson et al., 2013). The data 

for these studies are summarized in Figure 1.2. 

 

 

Figure 1.2: Examples of chalcones with good MAO inhibitory activities  

(Chimenti et al., 2009; Robinson et al., 2013). 

 

It is hypothesised that cyclic chalcones would also act as inhibitors of MAO. The development of 

analogues with restricted or rigid conformations may result in the selective binding to target 

sites, which could result in very active drugs with reduced unwanted adverse effects (Gareth, 

2007). 

 

1.4 Aims and objectives 

The present study aims to synthesise and evaluate a series of 2-benzylidene-1-tetralones as 

well as 2-heteroarylidene-1-tetralone derivatives as potential new classes of MAO inhibitors. 

The effect of modification of ring C on MAO inhibition activity and isoform selectivity will also be 

determined. Furthermore, a variety of substituents will be explored on both rings A and B to 

determine the optimum substituents for MAO inhibitory activity. This study will thus attempt to 

design potent and selective inhibitors of MAO.  

 

Objectives: 

(a) To synthesise 2-benzylidene-1-tetralone and related 2-heteroarylidene-1-tetralone 

derivatives with substituents on ring A and/or ring B. This study will also synthesise 

benzylidene-substituted indanone, benzosuberone, chromone, thiochromone and 

chomanone derivatives. 

(b) To characterise the synthesised compounds using spectroscopic methods such as 

proton nuclear magnetic resonance (1H NMR), carbon-13 nuclear magnetic 
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resonance (13C NMR) and high resolution mass spectroscopy (HRMS) as well as to 

determine purity by high performance liquid chromatography (HPLC) analyses. 

(c) To evaluate the synthesised compounds as inhibitors of recombinant human MAO-A 

and MAO-B. 

(d) To analyse the SARs of MAO inhibition by the various derivatives synthesised in this 

study. 

 

 

Figure 1.3: General structures of the three series of chalcone classes to be studied. 

 

The following chapter will present the literature background of the study while the experimental 

section and discussion will be presented in chapters 3 to 5. Chapter 3 will explore the MAO 

inhibition properties of benzylidene-substituted indanones, tetralones, benzosuberones, 

chromones, chromanones and thiochromanones. Chapter 4 will explore the MAO inhibition 

properties of 2-benzylidene-1-tetralones while chapter 5 will focus on the MAO inhibition 

properties of 2-heteroarylidene-1-tetralone derivatives. Finally chapter 6 will provide a summary 

of the study.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Parkinson’s disease  

2.1.1 General Background 

 

PD was first described in 1817 by James Parkinson and is the second most-prevalent age-

related neurodegenerative disorder following AD (Dauer & Przedborski, 2003). It is 

characterised by the depigmentation of the SNpc and the selective and progressive 

degeneration of dopaminergic neurons. In the affected neurons intraneuronal proteinaceous 

cytoplasmic inclusions known as Lewy-bodies are found (Wood-Kaczmar et al., 2006). The 

disease is prevalent in the aged population affecting 2% and 5% of individuals over the age of 

65 and 85, respectively (Muller, 2015). 

 

The loss of the SNpc neuronal pathway leads to striatal DA deficiency, which causes the 

dysregulation of the motor circuits that project throughout the basal ganglia, resulting in the 

clinical manifestations of PD (Dauer & Przedborski, 2003; Wood-Kaczmar et al., 2006). The 

classical motor symptoms of PD are bradykinesia, rigidity and tremor, and develop when about 

50% of the striatal dopaminergic nigrostriatal neurons and about 80% striatal DA production are 

lost (Teo & Ho, 2013; Muller, 2015). Non-dopaminergic neurons may also undergo 

degeneration in PD resulting in a variety of non-motor features such as dementia, psychosis, 

depression and apathy (Teo & Ho, 2013). 

 

The current drug therapy for PD is symptomatic and primarily aimed at restoring dopaminergic 

function in the striatum (Brooks, 2000). Whereas, motor symptoms respond well to 

dopaminergic therapies such as levodopa and DA agonists, non-motor symptoms display little 

or no response. Thus non-motor symptoms may be more disabling to the patient and may 

cause a far greater impact on the patient’s quality of life than motor symptoms (Teo & Ho, 

2013). 

 

2.1.2 Aetiology 

Regardless of extensive research done, the cause of PD remains uncertain. However, it is very 

clear as to which part of the brain is affected and possible mechanisms leading to the 

pathogenesis of PD have been proposed. It is documented that PD may have genetic and 

environmental risk factors (Ghavami et al., 2014) (figure 2.2).Thus familial PD accounts for 5 to 

10% of PD cases while the common sporadic PD accounts for 90% (Nicoll, 2006). 
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The role of the environment in the etiology of PD was discovered in 1983 (Dauer & Przedborski, 

2003). It was postulated that exposure to environmental toxins such as pesticides (rotenone and 

dieldrin) as well as herbicides [paraquat (PQ)] may cause PD (Betarbet et al., 2000; Hatano et 

al., 2009; Berry et al., 2010). Other risks factors associated with PD development are well-water 

drinking (Singh et al., 2015) and chronic exposure to chemicals such as manganese and carbon 

disulphide (Berry et al., 2010). Exposure to the synthetic toxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) has been shown to produce permanent Parkinsonism in humans, 

non-human primates and rodents by exerting an effect primarily on the function of the 

mitochondrial complex I (Berry et al., 2010). MPTP is metabolised to 1-methyl-4-

phenylpyridinium (MPP+), which is a mitochondrial toxin. The structural similarity between MPP+ 

and PQ (Figure 2.1)  suggests that PQ may also act as a mitochondrial toxin (Dauer & 

Przedborski, 2003). 

 

 

Figure 2.1: Chemical structures for MPTP, MPP+ and PQ. 

 

It is estimated that approximately 5% of patients with clinical features of PD have a clear familial 

etiology, which exhibits a classical recessive or dominant Mendelian mode of inheritance 

(Hatano et al., 2009; Hatano & Hattori, 2011). In recent years, mutations in several genes have 

been shown to cause PD (Nicoll, 2006). These genes include, amongst others, two autosomal 

dominant genes α-synuclein (SNCA) and leucine-rich repeat kinase 2 (LRRK2), and three 

autosomal recessive genes parkin, DJ-1 and PTEN-induced putative kinase 1 (PINK1) (Wood-

Kaczmar et al., 2006). α-Synuclein is an abundant brain protein of 140-amino acid residues that 

is distributed throughout the brain, especially in presynaptic nerve terminals (Lee & Trojanowski, 

2006; Breydo et al., 2012). In 1997, an α-synuclein gene mutation, A53T, was isolated from 

Italian relatives and three unrelated families of Greek origin with autosomal dominant PD 

(Hatano et al., 2009). These findings are of much relevance to PD, mainly because of the fact 

that α-synuclein is a component of Lewy-bodies (Spillantini et al., 1997), which are a 
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characteristic pathologic hallmark of both familial and sporadic PD (Gasser, 2009). Therefore, 

similar to other proteins associated with neurodegenerative diseases, aggregation of α-

synuclein is considered to be a key event in dopaminergic neuronal cell death in both α-

synuclein-linked and sporadic PD (Lee & Trojanowski, 2006). The LRRK2 gene is a very large 

gene occupying 144 kb of the genomic region and it has been identified to exhibit up to 20 

mutations of which six are pathogenic (Gasser, 2009). As opposed to the 140 amino-acid 

residues of α-synuclein, the LRRK2 protein has 2527 amino acids and LRRK2 mutations 

account for the most common autosomal dominant familial PD cases identified thus far (Rideout 

& Stefanis, 2014). It is noteworthy that supporting data on the neuropathological features of 

these mutations are often conflicting and depend on the type and sensitivity of techniques used 

in the studies (Wood-Kaczmar et al., 2006). Autopsy of certain patients with LRRK2 mutations 

have, however, revealed neuronal cell loss accompanied by Lewy-bodies similar to those of 

sporadic PD (Hatano & Hattori, 2011). 

 

In 1998, Shimura et al. found mutations in a gene (Matsumine et al., 1997) that was linked to 

autosomal recessive familial PD. This gene was designated as PARK2 and encodes for the 

protein, parkin. Parkin is a 465 amino acid ubiquitin-protein ligase that facilitates the 

degradation of proteins that interact with ubiquitin-conjugating enzyme UbcH7 (Shimura et al., 

2012). The second protein implicated with autosomal recessive early-onset PD (EOPD) is DJ-1. 

The human DJ-1 protein contains 189 amino acid residues and it is localized in the brain as well 

as extra-cerebral tissues. Although its exact function is unclear, it is reported to be involved in 

many cellular processes (Bonifati et al., 2003a; Bonifati et al., 2003b) which include the 

protection of mitochondria against oxidative stress (Canet-Aviles et al., 2004). 

 

Oxidative stress is a central mechanism in DJ-1 linked familial PD. The antioxidant properties of 

the DJ-1 protein was supported by studies by Taira et al. (2004), which tested the in vitro and in 

vivo elimination of hydrogen peroxide by recombinant DJ-1 and mutant forms of DJ-1 

(transfected into cultured cells), respectively. Other less common autosomal recessive EOPD 

genes are PINK1, ATP13A2 and UCHL1 (Taira et al., 2004). 
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Figure 2.2: The role of genetic factors and their interplay with environmental factors in 

PD.  

Mutations in PINK1 and LRRK2 causes oxidative stress in dopaminergic neurons. Oxidative 

stress and other cellular-stress stimuli may lead to neuronal cell death by causing mutations in 

Parkin, DJ-1 or the PINK1 gene which results in mitochondrial dysfunction or inflammatory 

processes within the neuronal tissues (Ghavami et al., 2014). 

 

2.1.3 Pathophysiology in Parkinson’s disease 

2.1.3.1 Anatomy and physiology of the basal ganglia 

The pathophysiology of PD may be understood from the basal ganglia circuitry point of view. 

This is because both voluntary and non-voluntary movements are coordinated within the basal 

ganglia motor circuit. This is in agreement with the understanding that PD is only diagnostic 

once there is evidence of difficulties in the movement of a living organism. The human basal 

ganglia is composed of the neostriatum (caudate and putamen), the external and internal 

pallidal segments (GPe, GPi), the subthalamic nucleus (STN) and the substantia nigra which 

contains the pars reticulata (SNpr) and SNpc (Mink, 1996). The basal ganglia are located in the 

subcortical section of the midbrain, where information from the cortex is integrated in order to 
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coordinate movement (Brown & Williams, 2005). Information from the cortex passes through the 

basal ganglia to the thalamus, and then returns to the supplementary motor area of the cortex 

through the dopaminergic pathway (Mink, 1996; Goole & Amighi, 2009). 

 

During normal physiological conditions, the striatum and the subthalamic nucleus receive 

glutamatergic afferents from specific areas of the cerebral cortex or thalamus and transfer the 

information to the basal ganglia output nuclei, GPi and SNpr (Goole & Amighi, 2009). 

Striatonigral dopaminergic projections connect into the circuit via two pathways (direct and an 

indirect) that are controlled by two DA receptors (D1 and D2) which play a role in the 

development of PD and in mediating the antiparkinsonian effects of DA substitutes (Deogaonkar 

& Subramanian, 2005). The direct pathway involves D1 receptors and acts to reduce the 

inhibitory output from the GPi/SNpr to the motor thalamus that returns it back to the cerebral 

cortex and then to the striatum. The indirect pathway on the other hand involves the D2 

receptors and acts via the GPe (Macphee & Stewart, 2012) (Figure 2.3). Both pathways are 

mediated by γ-aminobutyric acid (GABA). 

 

The two pathways have antagonistic effects. The direct pathway may inhibit the activity of the 

GPi and SNr causing disinhibition of the thalamocortical interactions, whereas the indirect 

pathway does the opposite (Mink, 1996). Normal DA release from the SNpc works on both the 

direct and indirect pathways. As a result, physiological dopaminergic stimulation may increase 

activity in the thalamocortical projection neurons as it inhibits the GPi and SNpr activity, possibly 

leading to greater activation of the cerebral cortex that can play a role in the facilitation of 

movement (Galvan & Wichmann, 2008; Goole & Amighi, 2009). In PD, decreased DA release 

from the SNpc disrupts the physiological dopaminergic mechanism. Under-stimulation and 

under-inhibition of the direct and indirect pathways, respectively, result in increased inhibitory 

output from the GPi/SNpr (Galvan & Wichmann, 2008). Thus, thalamocortical interactions to the 

motor cortex are diminished and movement is inhibited causing akinesia (Stewart, 2008). 
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Figure 2.3: Schematic activity in the basal ganglia-thalamocortical motor circuit  

(Goole & Amighi., 2009). 

 

2.1.3.2 Pathophysiology of PD 

2.1.3.2.1 Neurochemical and neuropathological features 

As previously stated, the pathological hallmarks of PD are the loss of nigrostriatal dopaminergic 

neurons and the presence of Lewy-bodies. The main area of neurodegeneration and Lewy-body 

formation is in the SNpc, which is further divided into the dorsal and ventral tiers. The former tier 

is known to contain more neuromelanin than the latter, hence DA is more depleted in the dorsal 

tier in PD (Stewart, 2008). In PD the SNpc neuronal loss occurs mostly in the ventral tier, which 

is in contrast with normal ageing where the dorsal tier is the most affected (Stewart, 2008). 

Given these differential patterns of cell loss in PD and normal aging, the hypothesis that aging 

plays a role in the degenerative process can be nullified. Apart from the SNpc, 

neurodegeneration and Lewy-body formation affects cells of the locus coeruleus, serotonergic 

neurons in the raphe, cholinergic neurons in the nucleus basalis of Meynert and the dorsal 

motor nucleus of the vagus system as well as the cerebral cortex, olfactory bulb and the 

autonomic nervous system (Dauer & Przedborski, 2003; Stewart, 2008). 
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Figure 2.4: Neuropathology of PD. 

(A) Schematic representation of the normal nigrostriatal pathway (in red) and a photo of the 

normal pigmentation of the SNpc (see arrows) due to neuromelanin. (B) A diseased nigrostriatal 

pathway showing a marked loss of dopaminergic neurons to the putamen (dashed line) and an 

intense loss of those that project to the caudate (thin red solid line). The photograph illustrates 

depigmentation of the SNpc (arrows). (C) Immunohistochemical labeling of Lewy-bodies in a 

SNpc dopaminergic neuron. Immunostaining with an antibody against α-synuclein reveals a 

Lewy-body (black arrow) with an intensely immunoreactive central zone surrounded by a faintly 

immunoreactive peripheral zone (left photograph). Conversely immunostaining with an antibody 

against ubiquitin yields more diffuse immunoreactivity within the Lewy-body (right photograph) 

(Dauer & Przedborski, 2003). 

 

At the onset of symptoms, approximately 80 % of the putamenal DA and 60 % of dopaminergic 

neurons in the SNpc have already been lost (Dauer & Przedborski, 2003). The loss of 

nigrostriatal DA neurons leads to the inhibition of thalamus and motor cortex activity, as well as 

an increase of striatal cholinergic activity, which contributes to the tremor (Wells et al., 2009). 

Degeneration of hippocampal structures and cholinergic cortical inputs contribute to dementia 

(Dauer & Przedborski, 2003) related to PD. Although the diagnosis of PD is made on clinical 

aspects, it is important to note that the relationship between clinical and pathological features of 

PD is not clear and a definite diagnosis requires the identification of both Lewy-bodies and 

SNpc dopaminergic neuron loss. Lewy-bodies can be detected by immunostaining for α-

synuclein and even ubiquitin (Nicoll, 2006) (Figure 2.4). 



15 

The pathogenesis of PD is still unknown. However, there are important mechanisms that may 

play major roles and have potential effects in the pathophysiology of PD. These include 

oxidative stress, mitochondrial dysfunction, inflammation and excitotoxicity (Macphee & Stewart, 

2012; Ghavami et al., 2014). These mechanistic events lead to neuronal death in PD via 

apoptosis (Figure 2.5) (Ali et al., 2011; Macphee & Stewart, 2012). Apoptosis, also termed 

programmed cell death, is a normal physiological process in the development of the nervous 

system crucial in the maintenance of its homeostasis (Stewart, 2008). 

 

 

Figure 2.5: Mechanisms of neurodegeneration in PD 

(Hatano et al., 2009). 

 

2.1.3.2.2 Mechanisms of neurodegeneration 

(a) Oxidative stress 

Oxidative stress is an imbalance between ROS production and antioxidant activities, leading to 

potential damage (Sies, 1997; Halliwell, 2007). Several mechanisms including depletion of 

antioxidants, defects in mitochondrial electron transport, neurotoxin exposure, and excessive 

oxidation of DA may cause oxidative stress in PD (Alam et al., 1997). The presence of iron, 

neuromelanin and DA in the SNpc makes these cells vulnerable to oxidative damage. The MAO 

catalysed metabolism of DA produces hydrogen peroxide, which subsequently, via the Fenton 

reaction, is converted to highly toxic hydroxyl radicals in the presence of ferrous iron. 

Neuromelanin can reduce ferric iron to ferrous iron thus increasing hydroxyl radical formation 

(Macphee & Stewart, 2012). DA can also undergo auto-oxidation that produces hydrogen 

peroxide and superoxide radicals (Figure 2.6) (Stewart, 2008). 
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Figure 2.6: Oxidative mechanisms and free radical production in PD 

(Adapted from Stewart, 2008). 

 

Although the human body has cellular defense mechanisms against ROS under physiological 

conditions, it is well documented that ROS lead to the loss of neurons in PD (Dringen, 2000). 

The enzymes such as catalase and superoxide dismutase (SOD), antioxidants such as 

ascorbate, α-tocopherol and most importantly glutathione (GSH) represent very important 

systems for the cellular defense against ROS (Dringen, 2000). However, postmortem and rat 

studies have shown that levels of GSH are reduced in PD brains (Zhu et al., 2006). Oxidative 

stress in the SNpc of PD is supported by evidence of increased iron levels, decrease GSH, 

increased SOD activity, decreased activity of complex I of the mitochondrial respiratory chain, 

increased levels of malondialhehyde (a product of lipid peroxidation) and of 8-hydroxy-2-

deoxyguanosine (positive sign for oxidative damage of DNA) (Dringen, 2000; Stewart, 2008; 

Macphee & Stewart, 2012). 

 

(b) Mitochondrial dysfunction 

Evidence for a role of mitochondrial dysfunction in PD pathology comes from findings that 

exposure to MPTP causes inhibition of the mitochondrial complex I, essential in the electron 

transport chain (ETC) (Schapira et al., 1990). This was further supported by PD models of 

MPTP and other mitochondrial toxins aimed at impairing the ETC in order to observe the impact 

it has in the SNpc (Dauer & Przedborski, 2003). The studies indicated that normal mitochondrial 

function is essential in preventing neural death due to oxidative stress as these cells do not 

have sufficient defense mechanism (Gleave et al., 2014). In addition, postmortem studies on PD 

patients indicated a deficiency in the function of complex I (Schapira et al., 1990). Deficiency of 

the mitochondrial complex I is not only present in SNpc but also in platelets and other tissues of 

PD patients, implying that it can be inherited through mitochondrial DNA (Dauer & Przedborski, 
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2003). When compared to the activity of normal complex I, the defect in PD is a 35 % reduction 

in activity (Schapira, 2008). Mitochondrial dysfunction is also attributed to the localisation of 

both autosomal dominant and recessive gene mutations in the mitochondria (Figure 2.5). 

 

(c) Inflammation 

Inflammation is a self-defence reaction against various pathogenic stimuli that helps the 

organism to respond to pathogens. However, chronically impaired inflammation can become a 

harmful self-damaging process to host tissues (Ghavami et al., 2014). It is postulated that 

neuroinflammation can cause neurodegeneration in PD (Macphee & Stewart, 2012). This is 

evident from the presence of activated microglial cells (Tansey & Goldberg, 2010) and elevated 

levels of the inflammatory mediators TNF-α, interleukins 1β and 6 (IL-1β and IL-6) and IFN-γ in 

the cerebrospinal fluids (CSF) and the postmortem brain tissue of PD patients (Hirsch & Hunot, 

2009; Glass et al., 2010). The production of ROS and nitric oxide under these conditions is also 

reported, which causes cellular damage via oxidative stress (Liu & Hong, 2003; Glass et al., 

2010). Inflammation alters the permeability of the BBB, allowing entrance of immunocompetent 

cells to the brain. 

 

(d) Excitotoxicity 

In neurological disorders such as PD, excitotoxicity occurs due to an accumulation of certain 

acidic amino acid neurotransmitters such as glutamate and aspartate. These CNS 

neurotransmitters, under normal physiological conditions, are involved in the activation of 

glutamate receptors for neuronal excitation, to render responses such as attention, alertness 

and learning (Blaylock, 2004). However, excessive concentrations of excitatory amino acids in 

the synaptic cleft cause over-stimulation of the post-synaptic neurons leading to neurotoxicity. 

Therefore, regulation of extracellular glutamate levels by glutamate transporters is crucial. 

Glutamate transporters remove the glutamate for storage in the presynaptic neuron terminal or 

surrounding glia (Lipton & Rosenberg, 1994). 

 

Glutamate receptors exist as two types, ionotrophic (ion-gated channels) and metabotropic 

receptors (Simeone et al., 2004). The three ionotrophic receptors are N-methyl-D-aspartate 

(NMDA), alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and kainite 

receptors, which control the influx of sodium, potassium and calcium ions through membrane 

channels resulting in neuronal excitement (Mattson, 2003). It is noteworthy that glutamate 

receptor activation can cause accumulation of calcium ions in the cytosol, which contributes to 

the cytotoxicity process (Blaylock, 2004). An increase in intracellular calcium due to NMDA 

activation can activate the metabolic activities of enzymes such as protein kinase C, 
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phospholipases, proteases, protein phosphatases and nitric oxide synthase resulting in the 

formation of superoxide anions and oxygen free radicals, which in turn may cause lipid 

peroxidation (Lipton & Rosenberg, 1994). Such conditions favor neuronal death via oxidative 

stress and dysfunctional mitochondria. 

 

2.1.4  Symptomatic treatment of PD 

2.1.4.1 Dopamine 

The treatment of PD remains symptomatic. However, with characteristic DA depletion in PD 

patients , current treatment focuses on DA replacement for restoration of dopaminergic 

transmission at striatal synapses (Goole & Amighi, 2009). Most motor and some non-motor PD 

symptoms ameliorate with DA substitution. It is therefore critical to understand the dopaminergic 

pathway and the mode of action of a particular drug prior to introducing it as drug therapy for 

PD. 

 

DA is a catecholamine produced in the basal ganglia of the brain and facilitates movement 

coordination. It is synthesised from the amino-acid tyrosine, which is first converted to levodopa 

by the enzyme tyrosine hydrolase (TH). Thereafter, levodopa is converted by the enzyme, DCC 

to DA (Figure 2.7) which is then, transported by vesicular monoamine transporter into storage 

vesicles (Figure 2.8) (Riederer et al., 2007). DA is metabolised in the postsynaptic cleft by the 

enzymes, COMT and MAO. COMT adds a methyl group to the catecholamine function of DA, 

thereby degrading it, whilst MAO catalyses the oxidative deamination of the monoamine group 

(Goole & Amighi, 2009). DA is also a precursor of epinephrine and norepinephrine. 

The disturbances in the homeostasis of DA in the basal ganglia controlled by DA receptors (D1 

and D2) forms the basis for DA substitution therapy in PD. DA itself does not pass the BBB, 

hence its therapeutic delivery mode is via its metabolic precursor, levodopa (Figure 2.9) (Muller, 

2015), via the large neutral amino acid transporter type 1 (LAT1) (Pardridge, 2002). 
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Figure 2.7: The synthesis of noradrenalin in the brain with DA as a precursor 

(Fahn, 2008). 

 

 

Figure 2.8: DA metabolic pathways in the brain 

(Riederer et al., 2007). 
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2.1.4.2 Levodopa therapy 

The use of levodopa to produce DA is deemed more effective at replacing the physiological 

actions of DA than any other therapeutic compound (Riederer et al., 2007), hence levodopa is 

considered the gold standard in PD treatment (Olanow et al., 2013). However, any mode of 

drug application requires plasma transportation to the active site. The delivery of levodopa to 

the brain in considerable amounts is hampered by the peripheral conversion to DA by the 

decarboxylase enzyme. This requires the administration of large amounts of levodopa in order 

to produce clinically relevant antiparkinsonian effects in the early years of clinical experience. 

These increased dosages are known to trigger the onset of the ON-OFF phenomena (i.e. ON-

interval of good levodopa response to adequate dopaminergic neurotransmission and OFF-

period of reduced motor performance) and dyskinesia, involuntary movements resulting from 

over-stimulation of the dopaminergic system (Muller, 2015). Dyskinesia occurs randomly during 

both the ON- and OFF-periods, leading to severe disability. 

 

 

Figure 2.9: The structures of dopamine and levodopa. 

 

The risk of developing dyskinesia is linked to various clinical factors such as the stage of PD, 

age of the patient and the dosage and dosing strategy of levodopa therapy (Olanow et al., 

2013). Levodopa therapy should therefore be strategically implemented to prevent the “ON-

OFF” effect. Approaches include the (a) delay of the need for levodopa, (b) reduction of the 

cumulative dose of levodopa, (c) avoidance of the pulsatile stimulation of DA receptors and (d) 

implementation of neuroprotection (Goole & Amighi, 2009). All these strategies are aimed at 

prolonging the plasma half-life of levodopa, which is compromised by the numerous metabolic 

pathways of levodopa in the periphery. 

 

Therefore, enzymatic inhibition of levodopa degradation in peripheral regions may reduce 

premature conversions of levodopa to DA. Combination therapy of levodopa with DCC inhibitors 

such as carbidopa and benserazide (Figure 2.10), which do not cross the BBB, allows for a 4-

fold (60-80%) reduction in the levodopa dose with an increase in the levodopa plasma half-life 

from 60 to 90 minutes (Goole & Amighi, 2009). Additionally, characteristic peripheral side effects 

(i.e. nausea, vomiting and anorexia) of DA are blocked with this inhibition (Fahn, 2008). 
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Figure 2.10: The structures of carbidopa and benserazide. 

 

Other enzymatic inhibitors that may be used as adjuncts to levodopa are COMT and MAO 

inhibitors. The COMT enzymes become highly active as soon as the DCC is inhibited since 

these enzymes are metabolic competitors. COMT inhibitors such as entacapone and tolcapone 

(Figure 2.1111) block the metabolism of levodopa to its inactive metabolite, 3-O-methyldopa (3-

OMD), and thereby increases and stabilises levodopa’s plasma concentrations. With COMT 

inhibitors peripheral DA synthesis is also prevented. It is very important to avoid accumulation of 

3-OMD because (a) it competes with levodopa at the large neutral amino acid transport carriers 

of the gastrointestinal tract (GI) and the BBB, (b) the 3-OMD metabolite has a longer half-life 

(15-24 hours) compared to levodopa and (c) it has no therapeutic value (Kaakkola, 2000). 

Therefore, increased peripheral 3-OMD concentrations could reduce the absorption, plasma 

bioavailability and brain delivery of levodopa (Muller, 2015). It is noteworthy that the inhibition of 

COMT during PD therapy should only be peripheral as central inhibition could enhance the 

effect of levodopa by inhibiting its conversion to 3-OMD. COMT inhibition in the CNS may also 

enhance the effect of DA by blocking the metabolism of DA to 3-methoxytyramine (Kaakkola, 

2000). Figure 2. shows the schematic illustration of the metabolism of levodopa (Bonifati & 

Meco, 1999). 

 

 

Figure 2.11: Chemical structures of entacapone and tolcapone. 
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Figure 2.12: Schematic illustration of the metabolism of levodopa 

(adapted from Bonifati & Meco, 1999). 
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The MAO enzymes catalyse the oxidative deamination of monoamines such as DA. Therefore 

inhibitors of MAO are also used as adjuncts to levodopa in the treatment of PD. MAO exist in 

two genetically distinct isoforms, known as MAO-A and MAO-B. The two isoforms display 

different substrate specificities, which is essential for drug development because it allows 

selectivity for inhibition of a single isoform. Both isoforms inactivate DA. The use of non-

selective MAO inhibitors as adjuncts to levodopa results in hyper- and hypotensive episodes, 

whereas the use MAO-A selective inhibitors causes tyramine-related hypertension (Fahn, 

2008). Selective MAO-B inhibitors do not pose such risks and are thus used for the treatment of 

PD. 

 

Dopaminergic behaviours can also be mimicked by the use of DA agonists, which act directly on 

striatal DA receptors (Riederer et al., 2007). DA agonists are divided into two subclasses, 

ergoline and non-ergoline agonists which all target D2-receptors (Brooks, 2000). Ergoline 

agonists include bromocriptine, pergolide, lisuride and cabergoline, whereas non-ergoline 

agonists include ropinirole and pramipexole. 

 

2.2 Monoamine oxidase 

The MAOs are FAD-dependent enzymes found in the outer mitochondrial membrane of 

neuronal, glial and other mammalian cells (Ferino et al., 2013). MAO was discovered by Mary 

Hare-Bernheim in 1928 as an enzyme that catalyses the oxidative deamination of tyramine. She 

called the enzyme tyramine oxidase (Youdim et al., 2006). However, a few years later Hugh 

Blaschko realized that primary, secondary and tertiary amines (MAOs) are metabolised by the 

same enzyme which was named mitochondrial monoamine oxidase (Youdim et al., 2006). 

Following these discoveries, it was found that an anti-tuberculosis drug, isoniazid, was also a 

potent MAO inhibitor and improved moods of patients receiving this drug (Fowler et al., 2002; 

Youdim & Bakhle, 2006b). 

2.2.1 Physiology 

As mentioned earlier MAO exists as two subtypes, MAO-A and MAO-B. These are products of 

different genes and are distinguished by their amino acid sequences (Bach et al., 1988), three-

dimensional structures (Ferino et al., 2013), tissue distribution (Grimsby et al., 1990), inhibitor 

selectivity (Ma et al., 2004) and substrate preferences (Shih et al., 1999; Geha et al., 2001). In 

humans, MAO-A predominates in the gut, placenta and heart, while MAO-B predominates in 

platelets and glial cells in the brain. Both enzymes are expressed in the liver (Ramsay, 2012). 

The MAO-A isoform has higher affinity for serotonin and noradrenaline, whereas the MAO-B 

isoform preferentially deaminates 2-phenylethylamine and benzylamine (Ma et al., 2004). Both 

isoforms catalyse the deamination of dopamine and tyramine (Ferino et al., 2013). It is their 
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affinities for different substrates that provide the basis for different therapeutic applications of 

inhibitors of these enzymes. For example, MAO-A inhibitors are used for the treatment of 

anxiety and depression, whereas MAO-B inhibitors are used for the treatment of AD and PD 

(Fowler et al., 2002; Ferino et al., 2013). 

 

2.2.2 The structural composition of MAO 

In order to understand the molecular properties of MAO, Bach et al. (1988) isolated and 

characterised the cloned cDNAs encoding the two MAO isoforms. Convincingly, it was 

demonstrated that the two enzymes are different, however with various similarities. The 

enzymes contain an identical pentapeptide fragment, Ser-Gly-Gly-Cys-Tyr, onto which the FAD 

(Figure 2.) redox cofactor is covalently bound through a thioether linkage between a cysteinyl 

residue and an 8α-methylene of the isoalloxazine ring (Edmondson et al., 2004). The covalent 

FAD binding site for the two enzymes is near their carboxyl terminus as opposed to the amino 

terminus, where the dinucleotide fold of most FAD-depended enzymes is located (Edmondson 

et al., 2004). DNA sequencing of human placental MAO-A and human liver MAO-B indicated 

that the two isoforms, respectively, consist of 527 and 520 amino acids. This corresponds to a 

molecular weight of 59.7 kDa for MAO-A and 58.8 kDa for MAO-B, and hence MAO-A is larger 

in size by about 2 kDA (Bach et al., 1988). 

 

2.2.2.1 The 3-dimensional structure of MAO-B 

Human MAO-B crystalises as a dimer as opposed to the monomeric human MAO-A 

(Edmondson et al., 2007). The dimer is attached to the mitochondrial membrane via the C-

terminal amino acid residues 461-520 (Binda et al., 2002; Edmondson et al., 2004). The 

insertion onto the membrane is facilitated by the apolar surface of the C-terminal α-helix 

(Edmondson et al., 2004). 

 

The channel to the active site consists of two hydrophobic cavities through which the substrate 

passes before reaching the active site. The cavities are termed the “entrance cavity” and the 

“substrate cavity” (Figure 2.13) and are separated from each other by the side chain of 

isoleucine199 (Ile-199). This residue serves as a gate between the two cavities (Edmondson et 

al., 2007). The gate can exist in an open or closed form and this, to a large degree, determines 

human MAO-B inhibitor specificity (Binda et al., 2003). The substrate firstly enters the smaller 

entrance cavity (290 Å3) with simultaneous activation of a movement of the four residues, 

Tyr326, Ile 199, Leu171 and Phe168, that lines the area between the two cavities (Binda et al., 

2002). This movement facilitates the substrate diffusion to the larger flat substrate cavity (420 

Å3). The entrance cavity is lined by residues Phe103, Pro104, Trp119, Leu164, Leu167, 
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Phe168, Leu171, Ile199, Ile316 and Tyr326 whereas the substrate cavity is lined by mainly 

aromatic and aliphatic amino acids, which create a hydrophobic environment for substrates or 

competitive inhibitors (Binda et al., 2002; Binda et al., 2004; Edmondson et al., 2004). 

 

Since the substrate cavity of MAO-B is larger than the entrance cavity, substrate and inhibitor 

entry to the cavity is restricted to a certain degree. This conformational restriction is attributed to 

the presence of the loop 99-112, which acts as a gating switch to the entrance cavity 

(Edmondson et al., 2007). The side chain of Ile199 may rotate from the cavity in order for the 

two cavities to fuse, hence forming one larger cavity which accommodates larger substrates and 

inhibitors (Binda et al., 2002). In contrast, smaller substrates and inhibitors do not require any 

loop alterations and their entrance to the cavity is relatively unrestricted (Finberg, 2014). The 

smaller bipartite elongated but compact substrate cavity in MAO-B, as oppose to the rounder 

and large cavity in MAO-A, gives substrates and inhibitors restricted freedom of rotation, which 

is known to have an effect on the catalytic properties of the enzyme (Edmondson et al., 2007). 

 

 

Figure 2.13: The 3-dimensional structure of human MAO-B in complex with rasagiline 

(black ball and stick), with the FAD-cofactor depicted in yellow ball and stick. 

The binding domains are: substrate-binding in red, C-terminal membrane binding in green and 

the FAD-binding domain in blue (Binda et al., 2003). 
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The FAD-cofactor in MAO-B is located at the back of the substrate cavity in the substrate 

binding site domain. The conformation between the amide linkage of the Cys397 (site of the 

flavin 8α-thioether linkage) and the Tyr398 is cis (Kearney et al., 1971). Structural analysis 

indicates that the flavin ring exists in a bent conformation about the N(5)-N(10) axis as opposed 

to the normal planar conformation (Edmondson et al., 2009). The substrate amine binds 

between the phenolic side chains of Tyr398 and Ty435, which forms an aromatic cage with the 

flavin (Binda et al., 2002). 

 

In a study by Binda et al. (2007), a complex between safinamide, a reversible MAO-B inhibitor, 

and human MAO-B indicated that the polarity of the substrate substituents plays a role in the 

orientation of inhibitors in the MAO-B active site. The polar substituents orient towards the 

hydrophilic space in front of the flavin to form H-bond interactions with conserved water 

molecules and polar protein residues. This behavior is also observed with other reversible 

inhibitors such as indole-2,3-dione (isatin) (Binda et al., 2003). 

 

2.2.2.2 The 3-dimensional structure MAO-A 

The human MAO-A enzyme is monomeric whilst that of the rat is a dimer, similar to MAO-B 

(DeColibus et al., 2005). The structure of MAO-A is composed of the extra-membrane and 

membrane binding domains, where the FAD and the substrate/inhibitor binding sites are within 

the extra-membrane domain (Figure 2.). Similar to MAO-B, attachment to the mitochondrial 

membrane is facilitated by the 35-40 amino acid residues of the C-terminal trans-membrane 

helix (Binda et al.,2002). The binding of human MAO-A to the membrane is similar to that of the 

rat MAO-A (Edmondson et al., 2004). However, studies show that there is a difference in the 

structural binding between the two human isomers. Chimeric enzymes made from fragments of 

MAO-A and MAO-B indicated that swapping of the respective C-terminal helices causes loss of 

enzymatic activity and that decreasing the length of the C-terminal helix reduces catalytic 

activity (Gottowik et al., 1995). 

 

Similar to MAO-B, the FAD cofactor in MAO-A also is covalently bound to the extra-membrane 

regions through the 8α-thioether linkage at Cys406. In contrast to MAO-B, both rat and human 

MAO-A have single but larger substrate binding cavities with a protein loop at the entrances. 

The human and rat MAO-A cavity sizes are 550 Å3 and 450 Å3, respectively (Edmondson et al., 

2007). The protein loop composed of Phe208-Ile335 (equivalent to Ile199-Tyr326 in MAO-B) at 

the entrance of the human MAO-A substrate cavity is essential in determining substrate/inhibitor 

specificity of the enzyme (Edmondson et al., 2009). When in complex with the reversible 

inhibitor, harmine, the inhibitor is located in the active site of the enzyme where it interacts with 
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Tyr69, Asn181, Phe208, Val210, Gln215, Cys323, Ile325, Leu337, Phe352, Tyr407, Tyr444 and 

the FAD (Son et al., 2008). The space between the inhibitor and these residues is filled with 

seven water molecules, and the inhibitor and FAD are bridged by hydrogen bonds with two 

water molecules. The amide group of the Gln215 residue interacts with the inhibitor via π-π 

interactions (Son et al., 2008). 

 

 

Figure 2.14: The ribbon structure of MAO-A in complex with harmine. 

The N-terminus and C-terminus are marked. The FAD and harmine are the black and green 

stick models, respectively, in the extra-membrane domain (Son et al., 2008). 
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Figure 2.15: Structure of 8α-S-cysteinyl FAD 

The conventional numbering scheme of the isoalloxazine ring is included (Edmondson et al., 

2004). 

 

2.2.3 The catalytic cycle of MAO 

MAO-A and MAO-B catalyse the oxidative deamination of primary, secondary and tertiary 

amines as shown in the reaction below (Figure 2.6). It is assumed that MAO-A and MAO-B act 

by the same mechanism and that the differences in substrate and inhibitor specificities stems 

from structural features of the active sites of the respective isozymes. Figure 2.7 shows a 

comparison of the active sites of human MAO-A, MAO-B and rat MAO-A in complex with some 

non-covalent inhibitors. Various kinetic studies showed that the catalytic pathways for these 

oxidations by MAO-B are dependent on the nature of the substrate (Ramsay & Singer, 1991) 

while the substrate has no effect on the mechanism of MAO-A oxidation. The oxidative reaction 

of MAO requires a transfer of hydrogen from the α-CH2 by cleavage of the C-H bond. Because 

of the stereochemical relation between the pro-R hydrogen of the substrate and the enzyme 

acceptor groups during catalysis, the mechanism of cleavage is reported to be strictly 

stereospecific for the pro-R in both MAO-A and MAO-B (Edmondson et al., 2004). 

 

 

Figure 2.16: MAO-catalysed oxidative deamination reaction. 
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Figure 2.17: Comparison of the active sites of human MAO-A, MAO-B and rat MAO-A in 

complex with the non-covalent inhibitors, harmine and isatin, and a covalent inhibitor, 

clorgyline. 

Stick models show the FAD in yellow and the inhibitors in black. The cavity shaping loop is 

indicated in cyan. The amino acid residues around the flavin form the conserved aromatic cage 

whereas substrate/inhibitor specific residues for MAO-A and MAO-B are also present 

(Edmondson et al., 2009). 

 

According to the ternary complex mechanism, MAO catalysis occurs via two pathways, either 

following the top or bottom loop of Figure 2. Most MAO catalysed reactions proceed with the 
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lower loop. According to the figure, the lower loop shows that oxygen reacts with the enzyme-

product complex (the rate limiting step) prior to product (imine) dissociation. In contrast, the top 

loop indicates the rate limiting step to be product dissociation. Both pathways require a 

deprotonated form of the amine rather than the protonated form to enter the substrate binding 

site for interaction with the flavin. This is followed by oxidation of the enzyme-substrate complex 

to form the imine and the hydroquinone form of the reduced FAD cofactor. Finally the reduced 

FAD cofactor reacts with oxygen to produce the oxidised form of the FAD cofactor and 

hydrogen peroxide. After release from the enzyme the protonated imine undergoes hydrolysis to 

a respective aldehyde and ammonium. 

 

Kinetic studies done on the oxidation of benzylamine and 2-phenethylamine indicated variations 

in the mechanisms followed for MAO-A and MAO-B, whereby catalysis of benzylamine followed 

the lower loop for both enzymes, while 2-phenethylamine followed the top for both MAO 

enzymes (Ramsay & Singer, 1991). A further point of interest is that the Km values for oxygen 

differs for MAO-A and MAO-B, with the Km values at about 6 μM and 250 μM, respectively 

(Edmondson et al., 2004). The concentration of oxygen in air-saturated solution is equal to the 

Km of MAO-B (i.e. 250 μM). Therefore, when the amine substrate is in saturated concentrations, 

MAO-A operates at maximal velocity while MAO-B is only at about half-maximal velocity under 

physiological conditions (Edmondson et al., 2004). 

 

Figure 2.18: Reaction pathway for MAO catalysis 

(Edmondson et al., 2004). 
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2.2.3.1 The mechanisms of C-H bond cleavage 

The cleavage of C-H bonds may occur by three different pathways: heterolytic hydride transfer, 

heterolytic proton abstraction which includes the single electron transfer (SET) (Figure 2.9) and 

the polar nucleophilic mechanism (Figure 2.20), and the homolytic hydrogen atom abstraction. 

The hydride mechanism allows for the transfer of the hydrogen with its bonding electrons to the 

acceptor group. The hydride abstraction is a preferred route for most flavin-dependent amino 

acid oxidases (Umhau et al., 2000). 

 

Studies on MAO catalysis paid particular attention to the heterolytic proton abstraction 

mechanisms due to experimental objections to the other two mechanisms. The hydride 

mechanism for example was deemed impractical due to isotopic effects indicating that the C-H 

cleavage is not concerted with rehybridisation of the flavin N(5) (MacMillar et al., 2011). The 

radical mechanism on the other hand was ruled out due to failure to detect semiquinone during 

turnover (Ramsay, 2012) and other mechanistic probes. 

 

2.2.3.1.1 The single electron transfer mechanism 

The SET mechanism begins with a reversible single electron transfer from the unprotonated 

amine to the flavin N(5) which produces a flavin radical and an aminium cation radical 

intermediate. The preceding step lowers the pKa of the α-C-H, which triggers proton abstraction 

by an active site base in the catalytic cycle. However due to the lack of spectral evidence for the 

flavin radical intermediate, the lack of a magnetic field effect on the rate of enzyme reduction 

and the low oxidation-reduction potential of the FAD cofactor (Edmondson et al., 2009) the SET 

mechanism is not supported. In addition to this, structural data on MAO-A and MAO-B indicate 

that there is no obvious amino acid residue that can serve as a catalytic base in the active sites 

of these enzymes (Edmondson et al., 2009). 
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Figure 2.19: The single electron transfer mechanism of MAO oxidation 

(MacMillar et al., 2011). 

 

2.2.3.1.2 The polar nucleophilic mechanism 

The mechanism which received sufficient support for the appropriate C-H cleavage is the polar 

nucleophilic mechanism. This mechanism is initiated by a nucleophilic attack of the 

unprotonated amine on the flavin (C4a) to form a flavin C(4a)-nucleophile adduct, which 

decomposes into a reduced flavin and protonated imine product (MacMillar et al., 2011). 

According to computational studies on the isoalloxazine ring system and para-substituted 

benzylamines undergoing the polar nucleophilic mechanism, the adduct formation step was 

found to be the rate determining step (Erdem et al., 2006). 
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Figure 2.20: The polar nucleophilic mechanism of MAO catalysis 

(Edmondson et al., 2004). 

 

2.2.4 MAO inhibitors in PD 

As previously stated, the first MAO inhibitor, iproniazid, was discovered by serendipity when an 

anti-TB drug showed positive effects for MAO inhibition. Iproniazid and other MAO inhibitors, 

however are associated with certain adverse effects including liver toxicity (iproniazid) and the 

“cheese effect” (tranylcypromine) (Youdim & Bakhle, 2006). 

 

The “cheese effect” in particular is a very important side effect to consider in MAO inhibitor 

development. It is caused by tyramine and other indirectly acting sympathomimetic amines in 

foods such as cheese, and fermented products such as beer and wine (Youdim & Bakhle, 

2006). Under normal conditions, metabolism of these exogenous amines occurs in the 

peripheral organs (mainly the liver) and gut wall, which prevents their access to the circulatory 

system. However, with MAO inhibition these amines can access the circulatory system and 

cause a hypertensive crisis. 

 

MAO inhibitors can be categorised as selective or non-selective and irreversible or reversible 

inhibitors (Table 2-1). Since neurological disorders and diseases such as depression, PD and 

AD are chronic conditions, it is preferred to use agents with a long-lasting therapeutic action 

notably found in irreversible inhibitors. However, irreversible inhibitors may possess serious 

adverse effects such as the serotonin syndrome and the cheese effect (Finberg, 2014). Thus 
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application of selective reversible MAO inhibitors is recommended for the treatment of disease 

states. 

 

2.2.4.1 Mechanism of irreversible inhibitors of MAO 

The mechanism of irreversible inhibition of MAO involves the formation of a covalent flavin 

adduct at the N(5) position. The first step is the enzymatic oxidation of the inhibitor to form a 

reactive electrophile. The electrophile then combines covalently with the flavin. This mechanism 

is applicable to all of the propargylamine type inhibitors of MAO (e.g. rasagiline and R-deprenyl) 

(Figure 2.), which are the most successful MAO inhibitors for PD therapy. An example of the 

proposed mechanism of irreversible MAO-B inhibition is shown with mofegiline in Figure 2.. The 

mechanism shows that the inhibitor reduces the flavin, which enables nucleophilic reaction with 

the vinyl fluoride to yield the covalent adduct at N(5) position of the flavin (Edmondson et al., 

2009). 

 

 

Figure 2.21: The structures of the FAD covalent adducts with rasagiline (a 

propargilamine) and phenylhydrazine 

(Yang et al., 2007; Binda et al., 2013). 
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Figure 2.22: The proposed mechanism of MAO-B inhibition by mofegiline 

(Edmondson et al., 2009). 

 

Certain inhibitor types such as the cyclopropylamines form adducts at the C(4a) position of the 

flavin after oxidative ring opening of the cyclopropyl ring (Bonivento et al., 2010). Figure 2.23 

shows the ring-opened cyclopropyl moiety linked to the flavin at the C(4a) position (Yang et al., 

2007; Binda et al., 2013). 

 

Figure 2.23: The structure of tranylpromine binding to MAO-B 

(Edmondson et al., 2004; Bonivento et al., 2010). 
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2.2.4.2 Reversible MAO inhibitors 

The need to discover MAO inhibitors that are reversible arises from the observation that 

irreversible MAO inhibitors (especially isoform non-selective) have the risk of inducing 

hypertensive crisis when combined with certain foods. Selective irreversible MAO-B inhibitors 

such as selegiline show good inhibitory activity at low doses although isoform selectivity is lost 

at high doses or repeated administration (Youdim & Bakhle, 2006). Therefore the most 

pharmacologically desirable MAO-B inhibitor should act reversibly and possess selective 

inhibition of MAO-B. 

 

Figure 2.24: The structures of safinamide, selected coumarin derivatives and 

pioglitazone. 

 

Reversible MAO inhibitors that are used for the treatment of PD are limited. Safinamide is a new 

drug in development for the treatment of PD and is an example of a reversible and selective 

MAO-B inhibitor (Binda et al., 2007). This drug has entered Phase III clinical trials (Finberg, 

2014). Its MAO-B selectivity and high inhibition potency is linked to its linear structure which 

allows it to bind as a cavity-spanning inhibitor in MAO-B. The 3-fluorobenzyloxy moiety is 

located in the entrance cavity, while the amide binds in the substrate cavity, oriented towards 

the FAD (Binda et al., 2007). Similar to other MAO-B complexes there are three ordered water 

molecules in the active site where safinamide binds. One of the water molecules acts as a 

bridge for hydrogen bonding between the safinamide amide group and the Gln206 residue 

(Binda et al., 2007). The binding of safinamide is similar to that of the coumarin derivatives, 7-

(3-chlorobenyloxy)-4-(methylamino)methyl-coumarin and 7-(3-chlorobenyloxy)-4-

(carboxaldehyde-coumarin), which were examined in the same study (Binda et al., 2007). 
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Pioglitazone, which has recently been shown to inhibit MAO-B, exhibits a similar binding mode 

to MAO-B compared to safinamide (Binda et al., 2011) 

Figure 2.). 

 

Human MAO-B is known to bind compounds of various sizes due to the versatility of its active 

site cavity as controlled by the conformation of the Ile199 gate. This control mechanism by the 

Ile199 gate is beneficial as it provides selectivity between small and large inhibitors. Small 

inhibitors such as isatin and tranylcypromine bind without any gate alteration and exhibit similar 

binding affinities for both MAO-A and MAO-B. In contrast, “cavity-filling ligands” (e.g. 

trans,trans-farsenol and 1,4-diphenyl-2-butene) require a compact ellipsoidal cavity for binding 

and show specificity for the MAO-B enzyme (Edmondson et al., 2004). Medium-sized inhibitors 

[e.g. rasagiline, selegiline, N-(2-aminoethyl)-p-chlorobenzamide], also require an open 

conformation of the Ile199 gate for access to the active site and like the cavity-filling inhibitors 

have high affinity for MAO-B. 

 

Table 2-1: Inhibitors of MAO-A and MAO-B 

(Finberg, 2014, Hubalék et al., 2005; Binda et al., 2011). 

MAO Inhibitors Selectivity Reversibility Structure 

Clorgiline MAO-A Irreversible 

 

Ly-51641 MAO-A Irreversible 

 

Selegiline  MAO-B Irreversible 

 

Rasagiline MAO-B Irreversible 

 

Phenelzine 
Non-
selective 

Irreversible 

 

Isocarboxazide 
Non-
selective 

Irreversible 
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MAO Inhibitors Selectivity Reversibility Structure 

Tranylcypromine 
Non-
selective 

Irreversible 

 

Pargyline 
Non-
selective 

Irreversible 

 

Methamphetamine MAO-A Reversible 

 

Moclobemide MAO-A Reversible 

 

Cimoxatone MAO-A Reversible 

 

Amiflamine MAO-A Reversible 

 

Isatin MAO-A Reversible 

 

Safinamide MAO-B Reversible 

 

Trans,trans-farnesol MAO-B Reversible 
 

(E)-8-(3-
chlorostyryl)caffeine 

MAO-B Reversible 

 

1,4-Diphenyl-2-
butene 

MAO-B Reversible 

 

Pioglitazone MAO-B Reversible 

 



39 

MAO Inhibitors Selectivity Reversibility Structure 

Ladostigil 
Non-
selective 

Reversible 

 

M30 
Non-

selective 
Irreversible 
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2.3 Chalcones as MAO inhibitors 

2.3.1 Introduction 

Based on the potential adverse effects associated with irreversible MAO-B inhibition, a number 

of research groups are developing reversible MAO-B inhibitors for the treatment of PD. Besides 

their potential for potentiating tyramine-induced changes in blood pressure, enzyme activity may 

require several weeks to recover following irreversible inhibition (Fowler et al., 1994). For the 

design of reversible MAO-B inhibitors, a number of heteroaromatic chemical classes have been 

explored, which include caffeine, chalcones, chromones and coumarins. This study will explore 

SARs of MAO inhibition by chalcone-derived compounds. 

 

2.3.2 General background 

Chalcones are compounds from natural or synthetic origin and are members of the flavonoid 

family, which is a very large and widespread group of plant constituents (Kron et al., 2012). 

Chalcones are precursors of flavonoids (Chimenti et al., 2009). Due to the complexity of plant 

components, chalcones from natural products are obtained via numerous extractive techniques. 

However, because of the increasing growth in the medicinal and biochemical applications of 

chalcones, scientific discoveries in recent decades led to a number of synthetic routes to 

chalcones (Devia et al., 1999). 

 

Traditional medicinal usage of chalcone-containing plants led to the discovery of their diverse 

therapeutic applications (Devia et al., 1999). Chalcones possess a broad spectrum of 

pharmacological activities including antimalarial, anticancer, antiprotozoal, anti-inflammatory, 

antibacterial, antifungal, antimicrobial, lavicidal, anticonvulsant, antioxidant, cytotoxic, antitumor 

and chemopreventive activities (Rahman, 2011; Mousavi et al., 2014; Rozmer & Perjési, 2014). 

Interestingly, the effectiveness of chalcones and related compounds as therapeutic agents in 

some of the activities listed are well documented and their applications are of market value. 

 

Physicochemical characteristics such as stereochemistry, acid-base properties, and lipophilicity 

are principal determinants of the biological actions of natural and synthetic compounds (Kron et 

al., 2012). Several studies have focused on the effects of substitution on the phenyl rings-A and 

-B on the activities of chalcones, hence extensive libraries of chalcone analogues exists 

(Chimenti et al., 2009; Rahman, 2011). Of particular interest is the conformational structure of 

chalcones, which greatly affects their biological activities. The restricted chalcone scaffold (2-

benzylidene-1-tetralone) (Figure 2.25) that will be investigated in this study, was selected based 

on the idea that restricted or rigid conformations could result in more selective binding of drugs 

to target sites, which in turn would result in highly active drugs with reduced adverse effects 
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(Gareth, 2007). This may be supported by rasagiline which is a restricted ring-closed analogue 

of selegiline with potent MAO-B inhibition activity. Rasagiline is an irreversible MAO-B inhibitor 

and possesses the propargyl moiety present in selegiline. Rasagiline has high selectivity for 

human and rat MAO-B, both in vitro and in vivo, and is 5 to 10-fold more potent than selegiline 

as a MAO-B inhibitor (Kupsch et al., 2001). Therefore it is expected that cyclic chalcones would 

be more potent and selective inhibitors than the natural open ring analogues. However, care 

should be taken because restricted conformations may lead to incorrect conformations for 

binding to the active site or steric hindrance may occur between the restricting group and the 

target. These will result in loss of activity. 

 

Chalcones are recognized as α,β-unsaturated aromatic ketones and are essentially planar due 

to the presence of carbon atoms with sp2 hybridization (de Oliveira et al., 2012). Generally the 

chalcone chemical structure represents the open-chain form of the flavonoids (Rozmer & 

Perjési, 2014). The two aromatic rings of this flavonoid moiety are linked by the three-carbon 

α,β-unsaturated carbonyl system, which forms the basis for the many biological activities of 

these compounds. 

 

 

Figure 2.25: The general structure of chalcone and the restricted 2-benzylidene-1-

tetralone chalcone analogue. 

 

2.3.3 Stereochemistry 

Although in principle chalcones exist as E- or Z-isomers, studies have found that the E-isomer is 

the most thermodynamically stable form. In cases where there is a possibility of the mixture of 

the two isomers, recrystallization frequently yields only the E-isomers (Dimmock et al., 2002; 

Larsen et al., 2005). Steric interactions between the aryl and carbonyl groups makes the Z-

conformation unfavourable (Hallgas et al., 2005). The stereochemistry of chalcones can be 

determined by NMR analysis (Bayer et al., 1991). The vinylic proton is expected to be more 

deshielded for the (E)-isomer than the (Z)-isomer. It is well established that, in the 1H NMR 

spectra of 3-benzylidene-4-chromanones the signal of the vinylic β-proton cis to the carbonyl 

group appears at δ 7.7 ppm, while the corresponding trans-proton appears at δ 6.7 ppm (Böhler 

& Tamm, 1967; Namikoshi et al., 1987). In another study, 1H NMR spectra indicated that the 

vinylic protons appear at chemical shifts of 7.15-7.95 ppm (Dimmock et al., 1999). The 
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absorptions of the vinylic protons occur at low field due to the proximity of the carbonyl group 

which exerts an anisotropic effect, and frequently overlapped with the complex multiplet of the 

aromatic protons. 

 

2.3.4 MAO inhibition 

The potential of chalcones as MAO inhibitors has been documented. A study by Chimenti and 

colleagues (2009) reported promising activities of chalcones as inhibitors of MAO-B, with the 

most potent compound (3) showing an IC50 of 0.0044 μM and high isoform selectivity (SI > 

11364) in favour of MAO-B (Figure 2.6). In addition, Robinson, et al. (2013) examined the MAO 

inhibition activities of furanochalcone derivatives. The most active compound (1), 2E-3-(5-

chlorofuran-2-yl)-1-(3-chlorophenyl)prop-2-en-1-one, exhibited an IC50 value of 0.174 µM for the 

inhibition of MAO-B and 28.6 µM for the inhibition of MAO-A. The results demonstrate that these 

furan substituted chalcone derivatives exhibit moderate to good inhibitory activities towards 

MAO-B, but showed weak or no inhibition of the MAO-A enzyme. 

 

Further analysis of these studies suggests that chalcones are in general more potent inhibitors 

of MAO-B than furanochalcone derivatives. Furthermore, it is clear from these reports that both 

furanochalcones and chalcones are more potent inhibitors of MAO-B than of MAO-A, and that 

substitution with appropriate groups on both ring-A and -B could lead to better MAO inhibition 

activity. This suggests that chalcones and their derivatives are suitable scaffolds for the design 

of MAO-B selective inhibitors. The studies also indicate that chalcones act as reversible MAO 

inhibitors (Robinson et al., 2013). This is of interest since adverse effects of MAO inhibition are 

associated with the irreversible inhibition of particularly MAO-A (Youdim & Weinstock, 2004). 

 

In order to orient optimally in the human MAO active sites, the appropriate substituents are 

required. Ring-A of the chalcone scaffold binds in close proximity to the FAD cofactor. Polar 

functional groups on the A-ring would facilitate hydrogen bonding with the FAD, waters and 

polar residues of the aromatic cage (Chimenti et al., 2009). Inhibitor interaction with residue 

Tyr326 plays a major role in activity and selectivity for human MAO-B. Halogen substitution on 

ring-B is also expected to increase MAO-B inhibition potency via hydrophobic interaction at the 

entrance cavity of the enzyme (Chimenti et al., 2009). 
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Figure 2.26: Examples of chalcone derivatives with MAO inhibitory activity 

(Chimenti et al., 2009; Robinson et al., 2013). 
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2.4 Conclusion 

PD is a neurodegenerative disorder which is characterised by dopamine deficiency in the CNS. 

Current therapy for PD remains symptomatic with levodopa being the mainstay. However, due 

to extensive peripheral metabolism of levodopa, levodopa monotherapy is not efficient in 

ameliorating PD symptoms. Therefore, MAO-inhibitors particularly MAO-B selective inhibitors 

are used as adjuncts to levodopa. MAO-A inhibitors on the other hand are associated with 

serious side effects, most notably the potentiation of tyramine-induced changes in blood 

pressure. An understanding of the MAO catalytic cycle and the mechanisms of action has been 

instrumental in developing irreversible inhibitors. Chalcones have recently emerged as having 

potent MAO-B selective inhibition properties. Of particular interest is the finding that chalcones 

are reversible MAO inhibitors, which makes them attractive candidates for the development of 

PD therapy. This study will explore new chalcone derivatives as potential MAO inhibitors. In this 

regard, this study will focus on restricted ring-closed derivatives of chalcones. 
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ABSTRACT 

Chalcone was identified as a promising lead for the design of monoamine oxidase (MAO) A and B inhibitors. This study attempted to 

discover potent and selective chalcone-derived MAO inhibitors by synthesising a series consisting of eight cyclic chalcone derivatives. 

The cyclic chalcones were selected based on the possibility that their restricted structures would confer a higher degree of MAO isoform 

selectivity, and included the following chemical classes: 1-indanone, 1-tetralone, 1-benzosuberone, chromone, thiochromone, 4-

chromanone and 4-thiochromanone. The results obtained indicated that the cyclic chalcones are in most instances selective inhibitors of 

the human MAO-B isoform. The most active MAO-B inhibitor was compound 1b, a 4-chromanone, with an IC50 value of 0.156 μM. 

This compound did not inhibit human MAO-A at a maximal tested concentration of 100 µM. This study thus shows that certain cyclic 

chalcones are human MAO-B inhibitors, compounds that could be suitable for the treatment of neurodegenerative disorders such as 

Parkinson’s disease. 

 

Degeneration of the dopaminergic neurons of the substantia nigra pars compacta (SNpc) leads 

to the striatal dopamine (DA) deficiency and is the main pathological hallmark of Parkinson’s 

disease (PD) (Wood-Kaczmar et al., 2006). The subsequent dysregulation of the motor circuits 

that project throughout the basal ganglia is responsible for the clinical manifestations of PD 

(Dauer & Przedborski, 2003). Symptomatic PD therapy relies on DA replacement with its 

metabolic precursor, levodopa. Levodopa therapy is frequently combined with drugs such as 

aromatic amino acid decarboxylase (AADC) inhibitors, catechol-O-methyltransferase (COMT) 

inhibitors and monoamine oxidase (MAO) inhibitors, which prevent the metabolism of DA and/or 

levodopa leading to enhanced dopaminergic neurotransmission. MAO exists as two distinct 

isoforms, MAO-A and MAO-B (Bach et al., 1988). In the brain MAO-B predominates and 

represents a key metabolic pathway for DA. Thus, MAO-B inhibitors are currently used as 

adjuncts to levodopa in PD therapy (Fernandez & Chen, 2007). Furthermore, MAO-B inhibitors 

may also act as neuroprotectants in PD by reducing the formation of potentially injurious 

metabolic by-products (such as hydrogen peroxide and aldehydes) of the MAO-B catalytic cycle 

(Fowler et al., 1994). 
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Due to the role of MAO-B inhibitors in the treatment of PD, several research groups are 

attempting to discover new MAO-B inhibitors with good selectivity over the MAO-A isoform. 

Chalcone (1,3-diphenyl-2-propen-1-one) derivatives have recently been shown to act as potent 

and selective inhibitors of MAO-B. Chalcones evolve naturally in edible plants and are the 

precursors of flavonoids and isoflavonoids (Patil et al., 2009; Prashar et al., 2012). Chalcones 

possess a variety of biological activities including anti-malaria, anti-inflammatory and antioxidant 

activity (Patil et al., 2009; Prashar et al., 2012). Recent studies have indicated that chalcones 

are a general class of MAO-B specific inhibitors. Chimenti and coworkers (2009) used open 

chain chalcones to identify suitable substituents for MAO inhibition while other researchers 

substituted the phenyl ring-A for furan. Although the natural form of chalcone displayed better 

MAO inhibition than the furan-based chalcones, both classes possess specificity and highest 

potency for the MAO-B isoform over the MAO-A isoform (Chimenti et al., 2009; Robinson et al., 

2013). The current study further explores the SARs for chalcones as MAO inhibitors by 

introducing conformational restriction. This will be done by cyclising the structure of chalcone to 

yield 2-benzylidene-1-tetralone (Figure 3.1). The development of analogues with restricted or 

rigid conformations may result in the selective binding to target sites, which could result in very 

active drugs with reduced unwanted adverse effects (Gareth, 2007). The effect of modification 

of ring-C on MAO inhibitory activity and isoform selectivity will be determined in this study. In 

this respect, this study will vary the size of ring C (n = 5–7) and introduce heteroatoms (O and 

S) on position 1. In this manner chalcone derivatives of the following chemical classes were 

investigated: 1-indanone, 1-tetralone, 1-benzosuberone, chromone, thiochromone, 4-

chromanone and 4-thiochromanone. It is important to note that for PD therapy MAO inhibitors 

should be MAO-B selective since MAO-A inhibition may potentiate tyramine-induced changes in 

blood pressure, an adverse effect that may be fatal (Finberg, 2014). 

 

The proposal that cyclic chalcones may inhibit MAO-B is supported by recent findings that 1-

tetralones (Legoabe et al., 2014) and chromones (Legoabe et al., 2012) are good potency 

MAO-B specific inhibitors. Based on the structural similarities of these moieties with cyclic 

chalcones, it may thus be anticipated that cyclic chalcones may act as MAO inhibitors. In this 

study, the cyclic chalcones illustrated in Table 1 will be syntesised and evaluated as inhibitors of 

recombinant human MAO-A and MAO-B. The cyclic chalcone derivatives were synthesised via 

a one-pot Claisen-Schmidt condensation reaction. 1-Tetralone, 1-indanone, 1-benzosuberone, 

chromone, thiochromone, 4-chromanone and 4-thiochromanone were thus reacted with a slight 

excess of an aldehyde (1.1 equiv.). The reaction solvent was methanol or ethanol for the acid 

catalysed reactions (hydrochloric acid), methanol for base catalyse reactions (NaOH or KOH) or 

solventless conditions for the piperidine catalysed reactions (Figure 3.2). The crude products 

were recrystallised from appropriate solvents yielding 1a–i in moderate to high yields (49–84%). 
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Figure 3.1: The general structure of the cyclic chalcones investigated in this study. 

 

The MAO inhibitory properties of the synthesised compounds were evaluated by employing the 

recombinant human MAO-A and MAO-B enzymes. To determine the catalytic activities of both 

enzymes, the non-fluorescent MAO-A/B substrate (kynuramine) was used (Novaroli et al., 

2005). Kynuramine is oxidised to yield a fluorescent product, 4-hydroxyquinoline. The 

concentrations of 4-hydroxyquinoline formed were measured by fluorescence 

spectrophotometry at excitation and emission wavelengths of 310 nm and 400 nm, respectively. 

None of the test inhibitors affected the fluorescence of 4-hydrozyquinoline under the conditions 

of this study. By measuring MAO activities in the presence of different concentrations of the test 

inhibitors, sigmoidal activity-concentration curves were constructed, from which IC50 values 

were estimated. All experiments were carried out in triplicate and the IC50 values (Table 3.) were 

express as mean ± standard deviation (SD). 

 

The data obtained indicate that the compounds are moderate inhibitors of MAO with specificity 

for the MAO-B isoform. With the exception of compound 1f, the cyclic chalcones are weak 

MAO-A inhibitors. Compound 1f, a 1-indanone derivative, exhibited good MAO inhibitory 

activities with IC50 values of 0.346 μM and 0.420 μM for the inhibition of MAO-A and MAO-B, 

respectively. However, compound 1f shows poor isoform selectivity (SI = 0.826). 
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Figure 3.2: Synthetic routes to cyclic chalcone derivatives 

1a–i. Reagents and conditions (a) NaOH/KOH, rt, 2–12 h (1a, g & h) (b) HCl, reflux, 4 h (1f); (c) 

piperidine, rt. 2 h. 

 

The analysis of the IC50 values for MAO-A inhibition suggests that: (a) since the 1-indanone 

derivative is the most potent MAO-A inhibitor, ring expansion is not desirable for MAO-A 

inhibition by cyclic chalcones; (b) the position of the lipophilic substituent (Cl) on ring-B does not 

affect MAO-A inhibition (compare 1a versus 1g); (c) while the 1-tetralone (1a) and 4-

chromanone (1b) derivatives do not inhibit MAO-A, the thiochromanone (1d) yields slight 

inhibition (IC50 = 78.8 µM). This shows that hydrogen bonding of the 4-chromanone oxygen does 

not contribute to inhibitor binding; (d) both the chromone (1c) and thiochromone (1e) derivatives 

exhibit poor MAO-A inhibition; (e) the open chain chalcone (1i), also is a weak MAO-A inhibitor. 

The IC50 values for the inhibition of MAO-B, shows that the cyclic chalcone derivatives are 

moderately potent MAO-B inhibitors. Compound 1b, the 4-chromanone derivative, proved to be 

the most potent MAO-B inhibitor of the series with an IC50 value of 0.156 µM. It may thus be 

concluded that the 4-chromanone derivative is best suited for potent MAO-B inhibition. This 

compound is also a very selective MAO-B inhibitor since it does not inhibit MAO-A at a maximal 

tested concentration of 100 µM. Among the cyclic chalcones evaluated, 1b is thus the most 
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appropriate lead for the discovery of PD therapy. It is noteworthy that meta chlorine substitution 

(1a) yields more potent MAO-B inhibition compared to para substitution (1g). Interestingly, the 

1-benzosuberone derivative, (1h), is not a MAO-B inhibitor, which shows that expansion of ring-

C beyond n = 6 is not favourable for MAO-B inhibition. The chromone (1c) and thiochromone 

(1e) derivatives also are weak MAO-B inhibitors. In this respect, the 4-chromanone (1b) and 4-

thiochromanone (1d) derivatives are significantly more potent MAO-B inhibitors. 

 

None of the cyclic chalcones evaluated are more potent MAO-B inhibitors than the reference 

inhibitor, lazabemide (IC50 = 0.091 μM). Compared to the open-chain chalcone (1i), 4-

chromanone derivative (1b), is 6-fold more potent as a MAO-B inhibitor. This further supports 

the proposal that 1b is a suitable lead for the design of specific MAO-B inhibitors. 

 

This study therefore concludes that cyclic chalcones, such as 4-chromanone derivative (1b) 

represent suitable scaffolds for the development of MAO-B specific inhibitors. Such compounds 

may be useful as adjuvants to levodopa in the treatment of PD. 
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Table 3.1: The IC50 values for the inhibition of recombinant human MAO-A and 

MAO-B by compounds 1a–h. 

Compound 
MAO-A 

IC50 (μM)
a 

MAO-B 

IC50 (μM)
a 

Selectivity Index 
(SI)

b 

 

No Inhibition 0.593 ± 0.105 - 

 

No Inhibition 0.156 ± 0.053 - 

 

19.5 ± 3.40 12.1 ± 0.409 1.6 

 

78.8± 5.54 0.883 ± 0.166 89 

 

64.7 ± 3.71 75.3 ± 13.9 0.86 

 

0.346 ± 0.041 0.420 ± 0.138 0.826 

 

No Inhibition 0.995 ± 0.146 - 

 

No Inhibition No Inhibition - 

 

54.31 ± 7.83 0.964 ± 0.139 56 

 

202 ± 26.0 0.091 ± 0.015
c 

2219 

 

3.92 ± 0.015
c 

- - 
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All values are reported as mean ± standard deviation (SD) of triplicate experiments. bThe 

selectivity index (SI) is the selectivity for the MAO-B isoform and is given as the ratio of 

IC50(MAO-A)/IC50(MAO-B. cInhibition values for the reference inhibitors were obtained from 

literature (Petzer et al., 2013). 
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3.2 Supplementary data 

3.2.1 Materials and methods 

All reagents were obtained from Sigma-Aldrich and were used without purification. Column 

chromatography was carried out with silica gel 60, while thin-layer chromatography was 

performed on 0.20 mm thick aluminium silica gel sheets. Developed sheets were visualised 

under UV light (254 and 366 nm) or by staining with iodine vapour. 1H and 13C nuclear magnetic 

resonance (NMR) spectra were recorded on a Bruker Avance III 600 spectrometer at 600 MHz 

and 151 MHz, respectively, in deuterated chloroform (CDCl3) or deuterated dimethyl sulfoxide 

(DMSO-d6). The chemical shifts are reported in parts per million (δ) downfield from the signal of 

tetramethylsilane (TMS) added to the deuterated solvent. Spin multiplicities are given as s 

(singlet), d (doublet), t (triplet), dd (doublet of doublets) dt (doublet of triplets), tt (triplet of 

triplets), q (quartet), qn (quintet), m (multiplet) or brs (broad singlet). Melting points (mp) were 

determined with a Buchi B-545 melting point apparatus and are not corrected. Fluorescence 

measurements were conducted with a Varian Cary Eclipse fluorescence spectrophotometer. 

Microsomes from insect cells containing recombinant human MAO-A and MAO-B (5 mg/mL), 

kynuramine dihydrobromide, lazabemide and toloxatone were obtained from Sigma-Aldrich. 

 

Chemical purity was determined by high performance liquid chromatography (HPLC): HPLC 

analyses were performed using an Agilent 1200 series HPLC system equipped with a 

quaternary gradient pump, auto sampler, diode array detector and Chemstation data acquisition 
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and analysis software. A Venusil XBP C18 column (4.60 × 150 mm, 5 μm) was used and elution 

was effected by means of a linear gradient starting at 30% acetonitrile and 70% water, 

increasing to 85% acetonitrile after 5 min and holding at 85% acetonitrile until the end of the 

HPLC run at 10 min. The instrument was allowed to equilibrate to the starting conditions for 5 

min. Standard solutions (1 mM) of each of the eight test compounds were prepared in analytical 

grade acetonitrile and analysed at wavelengths of 210, 254 and 300 nm. The flow rate was set 

to 1 mL/min and the injection volume was 20 μL. 

 

3.2.2 Chemical synthesis 

3.2.2.1 Synthesis and characterisation of compounds 1a–i 

The cyclic chalcone analogues 1b and 1f were synthesised via the acid catalysed Claisen-

Schmidt condensation reaction of 1-indanone and 4-chromanone (1.850 mmol) and the 

appropriate aldehyde (2.035 mmol), dissolved in 15 mL methanol. Compounds 1a, c–e, g–h 

and open chain chalcone 1i on the other hand, were synthesised by base catalysis, reacting 1-

tetralone, 1-benzosuberone, chromone, thiochromone, 4-thiochromanone and acetophenone 

(2.052 mmol) with an appropriate aldehyde (2.257 mmol) in 5 mL methanol or solventless. For 

the acid catalysed reaction, hydrochloric acid (22.5ml) was added to the reaction whereas 

potassium and sodium hydroxide (4.10 mmol) or piperidine (2 drops) were added to the base 

catalysed reactions. The acid catalysed reactions were stirred under reflux for 1–6 h while the 

base catalysed reactions were stirred for 10–18 h or 2–3 h for the solventless reactions at room 

temperature. With the exceptions of 1c and 1e, which were solventless, the products were 

precipitated by addition of a minimum of 20 mL water before they were collected by filtration and 

recrystallised from the appropriate solvents. The analytical data for the cyclic chalcone 

derivatives and the open–chain chalcone are given below. 

 

3.2.3 MAO inhibition studies 

The protocol for the measurement of IC50 values for the inhibition of the MAOs has been 

reported in literature (Mostert et al., 2015). In short, the enzyme reactions were carried out to a 

volume of 200 µL in 96-well microtiter plates and contained kynuramine (50 μM), the test 

inhibitors (0.003–100 µM), and potassium phosphate buffer (pH 7.4, 100 mM). Each reaction 

also contained 4% DMSO as co-solvent, and control reactions, performed in the absence of 

inhibitor, were included for each inhibitor evaluated. The enzyme reactions were initiated with 

the addition of recombinant human MAO-A (0.0075 mg protein/mL) or MAO-B (0.015 mg 

protein/mL) and incubated for 20 min at 37 °C. The reactions were subsequently terminated 

with the addition of 80 µL sodium hydroxide (2 N) and the oxidation product of kynuramine, 4-

hydroxyquinoline, was quantified by fluorescence spectrophotometry (λex = 310; λem = 400 nm) 
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(Novaroli et al., 2005). A linear calibration curve was prepared with authentic 4-hydroxyquinoline 

(0.047–1.56 μM). The rate data were fitted to the one site competition model of the Prism 5 

software package (GraphPad, San Diego, CA, USA) to obtain sigmoidal plots, from which the 

IC50 values were estimated. All measurements were carried out in triplicate and IC50 values are 

given as the mean ± standard deviation (SD). 
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3.2.4 Spectral data 

 

(2E)-2-(3-Chlorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (1a)  

The title compound is a product of 3, 4-dihydronaphthalen-1(2H)-one and 3-chlorobenzaldehyde 

in a yield of 76.41%: yellow crystals, mp 112.1–113.2 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.11 

(d, J = 7.8 Hz, 1H), 7.76 (s, 1H), 7.48 (td, J = 7.5, 0.9 Hz, 1H), 7.41 – 7.21 (m, 6H), 3.08 (dd, J = 

9.1, 3.8 Hz, 2H), 2.94 (t, J = 6.4 Hz, 2H); 13C NMR (CDCl3) δ ppm 187.57, 143.17, 137.62, 

136.61, 134.91, 134.35, 133.45, 133.25, 129.71, 129.48, 128.47, 128.26, 128.23, 127.96, 

127.10, 28.76, 27.15. APCI-HRMS m/z: calcd for C17H13O [M+H]+, 269.0728, found: 269.0751. 

Purity (HPLC): 100%. 

 

(3E)-3-(4-Chlorobenzylidene)-2,3-dihydro-4H-chromen-4-one (1b)  

The title compound is a product of chroman-4-one and 4-chlorobenzaldehyde in a yield of 

49.2%: white crystals, mp 173.2–174.0 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.00 (dd, J = 7.9, 

1.6 Hz, 1H), 7.78 (s, 1H), 7.48 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H), 7.23 (t, J 

= 7.8 Hz, 2H), 7.09 – 7.02 (m, 1H), 6.97 – 6.92 (m, 1H), 5.29 (d, J = 1.8 Hz, 2H); 13C NMR 

(CDCl3) δ ppm 181.93, 161.05, 135.99, 135.55, 132.75, 131.35, 131.16, 129.02, 127.93, 

122.00, 121.86, 117.91, 67.40. APCI-HRMS m/z calcd for C16H11ClO2 [M+H]+, 271.0520, found 

271.0538. Purity (HPLC): 98.2%. 

 

3-(4-Chlorobenzyl)-4H-chromen-4-one (1c) 

The title compound is a product of chroman-4-one and 4-chlorobenzaldehyde in a yield of 

54.8%: brown crystals, mp 140.2–140.8 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.19 (dd, J = 8.0, 

1.4 Hz, 1H), 7.70 – 7.58 (m, 2H), 7.44 – 7.31 (m, 2H), 7.30 – 7.12 (m, 4H), 3.72 (d, J = 23.4 Hz, 

2H); 13C NMR (CDCl3) δ ppm 177.31, 156.41, 152.96, 137.17, 133.54, 132.27, 130.27, 128.66, 

125.90, 125.03, 124.11, 123.79, 118.03, 31.16. APCI-HRMS (m/z) calcd for C16H11ClO2 [M+H]+, 

271.0520, found 271.0510. Purity (HPLC): 97.0%. 

 

(3Z)-3-(4-Chlorobenzylidene)-2,3-dihydro-4H-thiochromen-4-one (1d) 

The title compound is a product of thiochroman-4-one and 4-chlorobenzaldehyde in a yield of 

84%: yellow crystals, mp 140.2–143.2 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.17 (dd, J = 7.9, 

1.1 Hz, 1H), 7.68 (s, 1H), 7.47 – 7.35 (m, 3H), 7.34 – 7.16 (m, 4H), 4.46 – 3.81 (m, 2H); 13C 

NMR (CDCl3) δ ppm 185.64, 140.94, 136.18, 134.92, 133.38, 133.13, 132.18, 130.75, 130.43, 

129.03, 127.88, 125.85, 29.11. APCI-HRMS m/z calcd for C16H11ClOS [M+H]+, 287.0292, found 

287.0291. Purity (HPLC): 89.4%. 
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3-(4-Chlorobenzyl)-4H-thiochromen-4-one (1e) 

The title compound is a product of thiochroman-4-one and 4-chlorobenzaldehyde in a yield of 

80.2%: brown crystals, mp 104.4–105.3 oC (ethanol).1H NMR (CDCl3) δ ppm 8.55 (d, J = 7.9 

Hz, 1H), 7.61 – 7.47 (m, 3H), 7.42 (s, 1H), 7.32 – 7.12 (m, 4H), 3.94 (s, 2H); 13C NMR (CDCl3) δ 

ppm 178.90, 137.30, 137.16, 136.18, 134.28, 132.32, 131.55, 131.11, 130.69, 129.05, 128.74, 

127.57, 126.46, 37.28. APCI-HRMS m/z calcd for C16H11ClOS [M+H]+, 287.0292, found 

287.0300. Purity (HPLC): 100%. 

 

(2E)-2-(4-Chlorobenzylidene)-2,3-dihydro-1H-inden-1-one (1f) 

The title compound is a product of 2,3-dihydro-1-inden-1-one and 4-chlorobenzaldehyde in a 

yield of 84.3%: white crystals, mp 180.3–184 oC (dichloromethane).1H NMR (CDCl3) δ ppm 7.87 

(d, J = 7.6 Hz, 1H), 7.66 – 7.49 (m, 5H), 7.39 (d, J = 7.2 Hz, 3H), 3.97 (s, 2H); 13C NMR (CDCl3) 

δ ppm 194.04, 149.37, 137.81, 135.61, 135.10, 134.73, 133.80, 132.40, 131.74, 129.17, 

127.74, 126.14, 124.44, 32.29. APCI-HRMS m/z calcd for C16H11ClO [M+H]+, 255.0571, found 

255.0581. Purity (HPLC): 99.8%. 

 

(2E)-2-(4-Chlorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (1g) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and 3-chlorobenzaldehyde 

in a yield of 76.41%: yellow crystals, mp 138.2–139.9 oC (petroleum ether/DCM).1H NMR 

(CDCl3) δ ppm 8.11 (d, J = 7.7 Hz, 1H), 7.78 (s, 1H), 7.54 – 7.09 (m, 7H), 3.07 (dd, J = 9.1, 3.7 

Hz, 2H), 2.93 (t, J = 6.4 Hz, 2H); 13C NMR (CDCl3) δ ppm 187.60, 143.10, 135.93, 135.22, 

134.42, 134.22, 133.37, 133.30, 131.10, 128.68, 128.22, 128.18, 127.07, 28.73, 27.14. APCI-

HRMS m/z: calcd for C17H13ClO2 [M+H]+, 269.0728, found 269.0719. Purity (HPLC): 100%. 

 

(6E)-6-(4-Chlorobenzylidene)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one (1h) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and 3-chlorobenzaldehyde 

in a yield of 50.9%: yellow crystals, mp 91.1–107.7 oC (petroleum ether).1H NMR (CDCl3) δ ppm 

7.78 – 7.72 (m, 2H), 7.45 (td, J = 7.4, 1.3 Hz, 1H), 7.43 – 7.31 (m, 5H), 7.18 (d, J = 7.4 Hz, 1H), 

2.87 (t, J = 6.9 Hz, 2H), 2.55 (t, J = 6.8 Hz, 2H), 2.04 (p, J = 6.9 Hz, 2H); 13C NMR (CDCl3) δ 

ppm 197.79, 139.55, 138.48, 138.35, 136.56, 134.53, 134.19, 132.53, 130.69, 129.17, 128.97, 

128.84, 127.07, 31.60, 26.45, 24.77. APCI-HRMS m/z calcd for C18H15ClO [M+H]+, 283.0884, 

found 283.0896. Purity (HPLC): 99.4%. 
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(2E)-3-(4-Chlorophenyl)-1-phenylprop-2-en-1-one (1I) 

The title compound is a product of acetophenone and 4-chlorobenzaldehyde in a yield of 30.7%: 

yellow crystals, mp 114.8–115.9 oC (ethanol).1H NMR (CDCl3) δ ppm 7.37 (d, J = 8.28 Hz, 2 H) 

7.46–7.52 (m, 3 H) 7.53–7.60 (m, 3 H) 7.74 (d, J = 15.81 Hz, 1 H) 7.98–8.02 (m, 2 H); 13C NMR 

(CDCl3) δ ppm 190.19, 143.27, 137.98, 136.40, 133.34, 132.91, 129.56, 129.22, 128.65, 

128.47, 122.41. APCI-HRMS m/z calcd for C15H11ClO [M+H]+, 243.0571, found 243.0555. Purity 

(HPLC): 96.1%. 
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APPENDIX A: SPECTRA 

1H NMR, 13 C NMR, HRMS and HPLC 

(2E)-2-(3-Chlorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (1a) 

1H NMR 

 

 

HRMS 
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13C NMR 

 

 

HPLC 
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(3E)-3-(4-Chlorobenzylidene)-2,3-dihydro-4H-chromen-4-one (1b) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

 

HPLC
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3-(4-Chlorobenzyl)-4H-chromen-4-one (1c) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(3Z)-3-(4-Chlorobenzylidene)-2,3-dihydro-4H-thiochromen-4-one (1d) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

HPLC 
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3-(4-Chlorobenzyl)-4H-thiochromen-4-one (1e) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(4-Chlorobenzylidene)-2,3-dihydro-1H-inden-1-one (1f) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(4-Chlorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (1g) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(6E)-6-(4-Chlorobenzylidene)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one (1h) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-3-(4-Chlorophenyl)-1-phenylprop-2-en-1-one (1I) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

 

HPLC 
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ABSTRACT 

A series of twenty-three 2-benzylidene-1-tetralone derivatives were synthesised and evaluated for their ability to inhibit human 

monoamine oxidases A and B (hMAO-A and hMAO-B) in vitro. The 2-benzylidene-1-tetralone derivatives may be viewed as cyclic 

analogues of the corresponding chalcones, a chemical class which has been shown to inhibit MAO-B potently and with high specificity. 

The IC50 values for the inhibition of the hMAOs show that most 2-benzylidene-1-tetralones possess good inhibitory activity and 

specificity for hMAO-B. The IC50 values for the inhibition of hMAO-B ranged from 0.0064–6.09 µM with one derivative showing no 

MAO-B inhibition at a maximal tested concentration of 100 µM. The most potent hMAO-B inhibitor, (2E)-2-(3,4-dichlorobenzylidene)-

7-hydroxy-3,4-dihydronaphthalen-1(2H)-one, proved to be 282-fold more selective for hMAO-B over the hMAO-A isoform. The IC50 

values for the inhibition of hMAO-A by the series ranged from 0.754–90.4 µM, with four derivatives showing no MAO-A inhibition. It 

may thus be concluded that 2-benzylidene-1-tetralones are potent and specific hMAO-B inhibitors, and thus suitable leads for the 

development of therapies for neurodegenerative disorders such as Parkinson’s disease. 

 

4.1 Introduction 

Monoamine oxidase (MAO) A and B are FAD-dependent enzymes found attached to the outer 

mitochondrial membrane of neuronal, glial and other mammalian cells (Ferino et al., 2013). 

While both isoforms catalyse the deamination of monoamine neurotransmitters in the central 

and peripheral tissues, MAO-A and MAO-B exhibit different tissue distributions. In humans, 

MAO-A predominates in the gut, placenta and heart, while MAO-B is the principal isoform in 

platelets and glial cells in the brain (Ramsay, 2012). Both isoforms are expressed in the liver 

(Fowler et al., 2002). The MAOs are of considerable therapeutic value.  MAO-A inhibitors are 

used for the treatment of depression and MAO-B inhibitors are established therapy for 

Parkinson’s disease (Youdim & Bakhle, 2006; Riederer & Laux, 2011). In depression, MAO-A 

inhibitors act by blocking the central catabolism of serotonin and possibly norepinephrine, while 

in Parkinson’s disease, MAO-B may act by inhibiting the catabolism of dopamine in the brain. In 

Parkinson’s disease, MAO-B inhibitors are frequently combined with L-dopa, the direct 

metabolic precursor of dopamine. This combination enhances central dopamine to a greater 

extent compared to L-dopa monotherapy. By blocking the activity of the MAOs, MAO inhibitors 
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also reduce the formation of hydrogen peroxide, a metabolic by-product of the MAO catalytic 

cycle. This provides a further motivation for the therapeutic value of MAO inhibitors in 

Parkinson’s disease since hydrogen peroxide may lead to oxidative stress and thus contribute 

to the neurodegenerative processes. Similarly, MAO-A inhibitors may find future application as 

treatment for certain cardiomyopathies since hydrogen peroxide formed by MAO-A in the heart 

has been implicated in age-related cardiac cellular degeneration (Maurel et al., 2003). 

 

An important consideration of MAO inhibitors is the reversibility and selectivity of inhibition. 

Irreversible MAO-A inhibitors are used with caution in the clinic since these compounds may 

potentiate the sympathomimetic effects of dietary tyramine (Youdim & Bakhle, 2006). Tyramine, 

present in certain food such as cheese and wine, is metabolised by MAO-A in the gut and 

peripheral organs, which limits its entry into the systemic circulation. Irreversible MAO-A 

inhibitors prevent the peripheral breakdown of tyramine leading to excessive systemic 

concentrations and a potentially fatal increase in blood pressure termed the “cheese reaction” 

(Finberg, 2014). Reversible MAO-A inhibitors and selective MAO-B inhibitors do not cause 

tyramine-induced hypertension and are considered safer in this regard. For this reason, MAO 

inhibitor design focuses on reversible inhibition in preference to irreversible inhibition. It should 

be noted that irreversible MAO-B inhibitors with a low potential for inhibiting MAO-A have a 

good safety profile with respect to the cheese reaction. 

 

Chalcones are α,β-unsaturated aromatic ketones with an essentially planar structure due to the 

presence of carbon atoms with sp2 hybridization(de Oliveira et al., 2012). Chalcones resemble 

the open-chain form of the flavonoids and are the biosynthetic precursors of natural flavonoids 

(Rozmer & Perjési, 2014). Most chalcones are moderately hydrophobic (Mathew et al., 2015), a 

characteristic important for absorption, blood-brain barrier penetration and pharmacological 

action in the central nervous system. Chalcones have previously been shown to inhibit the 

MAOs. Previous studies suggest that potent MAO-B inhibition by chalcones is achieved when 

the aromatic moieties are substituted with the hydroxy group (A-ring) and halogens (B-ring) 

(Chimenti et al., 2009). This is exemplified by structure 1 in Figure 4.1. It was also confirmed 

that bulky substituents (e.g. phenylethoxy, prenyloxy and phenylpropoxy) on the chalcone 

aromatic rings reduce inhibitor affinity while small groups (e.g. methoxy and hydroxy) yields 

good MAO-B inhibition activity (Chimenti et al., 2009; Legoabe et al., 2015). The present study 

aims to contribute to the structure-activity relationships (SARs) for MAO inhibition by chalcone 

derivatives by investigating the human MAO inhibition properties of a synthetic series of 2-

benzylidene-1-tetralone derivatives. 2-Benzylidene-1-tetralone derivatives may be viewed as 

cyclic analogues of chalcones. With 2-benzylidene-1-tetralones rotation and conformational 

flexibility are restricted compared to open-chain chalcones, which may impart a greater degree 
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of selectivity for MAO-B over MAO-A (and other potential biochemical targets). In general, 

compounds with a lower degree of conformational freedom may be less likely to adopt 

conformations for interaction with other protein targets.  

 

 

Figure 4.1 Examples of chalcones with good MAO inhibitory activities 

(Chimenti et al., 2009). 

 

In this study a series of 2-benzylidene-1-tetralone derivatives (Figure 4.2) will thus be 

synthesised. For this purpose polar functional groups (OH, OMe, NH2) will be substituted on the 

A-ring while substitution on the B-ring will be carried out with halogens (F, Cl, Br) and other 

functional groups such as CN, OH, CH3, N(CH3)2 and OMe. 

 

4.2 Results and discussion 

4.2.1 The synthesis of the 2-benzylidene-1-tetralone derivatives 

The 2-benzylidene-1-tetralone derivatives were synthesised in low to good yields (26–76%) 

following two protocols (Figure 4.2), employing either acid or base catalysis. All reagents were 

commercially available except for 7-hydroxy-1-tetralone, which was synthesised by hydrolysis of 

7-methoxy-1-tetralone in the presence of AlCl3 as described in literature (Legoabe et al., 2014). 

To synthesise the 2-benzylidene-1-tetralone derivatives, the appropriately substituted 1-

tetralone derivatives and an aldehyde were reacted in the presence of a base (KOH) or an acid 

(HCl). The derivatives were purified by crystallisation from an appropriate solvent. The 

structures of the products were verified by 1H NMR, 13C NMR and mass spectrometry, while the 

purities were estimated by HPLC. The physical data are cited in the supplementary information. 

The 1H NMR spectra displayed all the expected signals, integration values and chemical shifts. 

In particular, sharp singlets, representing the vinyl protons of the 2-benzylidene moiety were 

observed at 7.53–7.86 ppm. The absorptions of the vinylic protons occur at low field due to the 

proximity of the carbonyl group which exerts an anisotropic effect. Dimmock and coworkers 

observed these signals in the region of 7.15–7.95 ppm while Böhler and Tamm observed the 

vinyl proton signal at 7.7 ppm for the cis conformation whereas that of the trans conformation 



91 

was at δ 6.7 ppm. The most characteristic signals on the 13C NMR spectra are those of the 

carbonyl carbon and the sp3 carbons of ring-C, in the range 183.8–187.9 ppm and 26.7–28.8 

ppm, respectively. 

 

4.2.2 MAO inhibitory potencies of the 2-benzylidene-1-tetralone 

The inhibitory activities of the 2-benzylidene-1-tetralone derivatives were determined by using 

the commercially available recombinant human MAO enzymes. As enzyme substrate, the non-

specific MAO-A/B substrate, kynuramine, was used. Kynuramine is oxidised by the MAOs to 

yield a fluorescent product, 4-hydroxyquinoline, which may be measured by fluorescence 

spectrophotometry (Novaroli et al., 2005). By measuring the rate of kynuramine oxidation in the 

presence of various inhibitor concentrations (0.003–100 µM) sigmoidal plots of enzyme catalytic 

rate versus the logarithm of the inhibitor concentration were constructed from which IC50 values 

were estimated. The results of the inhibition studies are given in Table 4-1. 

 

The 2-benzylidene-1-tetralone derivatives are moderately potent inhibitors of MAO-A, with 2p 

being the most potent inhibitor of the series (IC50 = 0.754 μM). Only two derivatives (2m and 2p) 

possess IC50 values for the inhibition for MAO-A <1 µM. The 2-benzylidene-1-tetralone 

derivatives are, however, specific inhibitors of the MAO-B isoform with all derivatives except 2c 

displaying higher potency inhibition for MAO-B compared to MAO-A. In this respect, ten 

derivatives exhibited IC50 values for the inhibition of MAO-B <0.1 µM. The most potent MAO-B 

inhibitor, derivative 2u, exhibited an IC50 value of 0.0064 μM. This inhibitor is therefore 

significantly more potent than the reference MAO-B inhibitor, lazabemide (IC50 = 0.091 µM). 

 

 

Figure 4.2: Synthetic route to the 2-benzylidene-1-tetralone derivatives 2a–w. 

Reagents and conditions: (a) KOH/MeOH, rt, 10–18 h; (b) HCl/MeOH, reflux, 1–6 h; (c) Water. 

 

For the inhibition of MAO-B, interesting SARs may be derived. (1) Substituents on the A- and B-

rings of 2-benzylidene-1-tetralone is a requirement for high potency inhibition since the 
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derivative lacking these (2a) is a relatively weak MAO-B inhibitor (IC50 = 6.09 µM). (2) Similarly 

derivatives that are unsubstituted on the B-ring while bearing a substituent on the A-ring (2d, 

2g–j) are relatively weaker MAO-B inhibitors (IC50 > 0.115 µM). A substituent on the B-ring 

therefore significantly enhances MAO-B inhibition, even when the A-ring is unsubstituted (e.g. 

2b). In general however, addition of an appropriate substituent on the A-ring, such as the 7-

hydroxy group, yields higher potency inhibition compared to derivatives substituted on only the 

B-ring (compare 2n vs. 2o; 2k vs. 2e). (3) Amino substitution on the A-ring is, however, not well 

tolerated since 2c is not an MAO-B inhibitor (compare with 2b). (4) Hydroxy substitution of the 

A-ring on the other hand yields high potency MAO-B inhibitors as exemplified by 2u (IC50 = 

0.0064 µM), the most potent inhibitor of the series. With 7-hydroxy substitution on the A-ring, a 

variety of substituents and substitution patterns on ring-B yields good potency MAO-B inhibition. 

This is exemplified by the fluoro (2k), chloro (2m, 2n, 2u), bromo (2p, 2q), methyl (2s), 

dimethylamine (2t) and methoxy (2w) substituted derivatives,  all possessing IC50 < 0.082 µM. 

(5) When comparing hydroxy and methoxy substitution on the A-ring, 6-hydroxy substitution 

appears to be most optimal for MAO-B inhibition (compare 2g–2j). 

 

4.3 Conclusion 

This study shows that 2-benzylidene-1-tetralones, which may be viewed as cyclic analogues of 

chalcones, are MAO-B specific inhibitors. With the appropriate substitution pattern high potency 

inhibitors such as 2u (IC50 = 0.0064 µM) may be obtained. In this study 7-hydroxy substitution 

on the A-ring combined with substitution on the B-ring with a variety of substituents (F, Cl, Br, 

CH3, N(CH3)2, OCH3) yielded particularly potent MAO-B inhibitors. In fact all 2-benzylidene-1-

tetralone derivatives with this substitution pattern exhibited IC50 < 0.109 µM. Considering the 

structure of human MAO-B, a potential explanation for this behaviour may be proposed. The 

MAO-B active site is mostly hydrophobic with a small polar area in proximity to the FAD 

cofactor, the region where the amine group of a substrate binds. It may be hypothesised that 

the 7-hydroxy substituent of the A-ring binds in this region, establishing polar interactions with 

residues and waters in the region of the FAD co-factor. Support for this view is X-ray 

crystallography evidence that the OH of trans,trans-farnesol binds in proximity to the FAD, 

where amine groups of substrates are expected to bind. The substituent on the B-ring, in 

contrast, is expected to interact via Van der Waals interactions with the hydrophobic regions of 

the MAO-B active site, distal to the FAD. Thus 2u, which possesses two chloro substituents, is 

the most active MAO-B inhibitor, suggesting that the contribution of hydrophobic interactions to 

the stabilisation of an inhibitor in MAO-B, is additive. In conclusion, 2-benzylidene-1-tetralones 

represent potent inhibitors of MAO-B and could be suitable leads for the development of drugs 

for the treatment of Parkinson’s disease. 
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Table 4-1: The IC50 values for the inhibition of recombinant hMAO-A and hMAO-B 

by 2-benzylidene-1-tetralone derivatives. The values for the reference 

inhibitors, lazabemide and toloxatone, are also given. 

 

Compound cLogPa R1 R2 
hMAO-A 

 (IC50 μM) 

hMAO-B 

 (IC50 μM) 
SIb 

2a 4.85 ± 0.44 H H No Inhibition 6.09 ± 0.486 - 

2b 4.42 ± 0.57 H m-CN 13.4 ± 2.60 0.065 ± 0.0018 208 

2c 2.99 ± 0.96 6-NH
2
 m-CN 10.9 ± 1.84 No Inhibition - 

2d 4.77 ± 0.84 6-NH
2
 H No Inhibition 1.89 ± 0.203 - 

2e 4.20 ± 0.72 H p-F 90.4 ± 5.77 0.755 ± 0.162 120 

2f 4.97 ± 0.56 H m-F 83.2 ± 8.84 1.08 ± 0.268 76.8 

2g 4.11 ± 0.83 6-OH H 19. 3 ± 1.91 0.115 ± 0.026 168 

2h 4.20 ± 0.65 5-OH H 20.9 ± 2.39 0.425 ± 0.100 49.3 

2i 4.20 ± 0.65 7-OH H 2.78 ± 0.404 0.325 ± 0.0095 8.55 

2j 3.57 ± 0.83 7-OMe H 1.95 ± 0.064 0.707 ± 0.088 2.77 

2k 4.20 ± 0.72 7-OH p-F 1.92 ± 0.174 0.043 ± 0.0035 44.6 

2l 4.12 ± 0.91 7-OH m-F 4.40 ± 0.623 0.109 ± 0.0064 40.3 

2m 4.72 ± 0.85 7-OH p-Cl 0.960 ± 0.054 0.024 ± 0.0062 40.7 

2n 4.80 ± 0.67 7-OH m-Cl 1.84 ± 0.245 0.037 ± 0.0040 49.8 

2o 5.46 ± 0.47 H m-Cl No Inhibition 0.593 ± 0.105 - 

2p 5.09 ± 0.72 7-OH p-Br 0.754 ± 0.053 0.0125 ± 0.0020 60.1 

2q 4.46 ± 0.93 7-OH m-Br 1.87 ± 0.118 0.042 ± 0.008 44.6 

2r 3.66 ± 0.66 7-OH p-OH 3.95 ± 0.073 1.90 ± 0.095 2.09 

2s 4.70 ± 0.71 7-OH p-Me 1.22 ± 0.052 0.041 ± 0.0027 29.9 

2t 4.66 ± 0.65 7-OH p-N(Me)
2
 36.7 ±.326 0.047 ± 0.019 787 

2u 5.20 ± 0.68 7-OH m,p-diCl 1.79 ± 0.130 
0.0064 ± 
0.00015 

282 

2v 4.80 ± 0.46 H m-OMe No Inhibition 0.650 ± 0.197 - 

2w 4.14 ± 0.66 7-OH p-OMe 1.01 ± 0.058 0.082 ± 0.013 12.2 

Lazabemide - - - 202 ± 26 0.091 ± 0.015 2219 

Toloxatone - - - 3.92 ± 0.015 - - 

aCalculated with ACD/ChemSketch; bSelectivity index for the inhibition of hMAO-B, SI = IC50 

(hMAO-A)/IC50 (hMAO-B). All values are reported as mean ± standard deviation (SD) of triplicate 

experiments. Reference inhibitor (lazabemide and toloxatone) values are obtained from 

literature (Petzer et al., 2013).  
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4.4 Experimental 

4.4.1 Materials and methods 

The reagents and solvents used for the synthetic procedures were obtained from Sigma-Aldrich 

and were used without further purification. Column chromatography was carried out with silica 

gel 60 (Fluka, 0.063–0.200 mm particle size) while thin-layer chromatography was performed on 

0.20 mm thick aluminium coated silica gel sheets (Macherey-Nagel). Developed TLC sheets 

were visualised under UV light (254 and 366 nm) or by staining with iodine vapour. 1H and 13C 

nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance III 600 

spectrometer at 600 MHz and 151 MHz, respectively, and CDCl3 or DMSO-d6 served as NMR 

solvents. Chemical shifts are reported in parts per million (∂) and were referenced to the 

residual solvent signal (CDCl3: 7.26 and 77.16 ppm for 1H and 13C, respectively; DMSO-d6: 2.50 

and 39.52 ppm for 1H and 13C, respectively). Spin multiplicities are given as s (singlet), d 

(doublet), t (triplet), dd (doublet of doublets) dt (doublet of triplets), tt (triplet of triplets), q 

(quartet), qn (quintet), m (multiplet) or brs (broad singlet). Melting points (mp) were determined 

on a Buchi B-545 melting point apparatus and are uncorrected. Chemical purity was determined 

by high performance liquid chromatography (HPLC). HPLC analyses were performed using an 

Agilent 1200 series HPLC system equipped with a quaternary pump and an Agilent 1200 series 

diode array detector. A Venusil XBP C18 column (4.60×150mm, 5μm) was used for separation 

and the mobile phase consisted initially of 30% acetonitrile and 70% MilliQ water at a flow rate 

of 1 mL/min. At the start of each HPLC run a solvent gradient program was initiated by linearly 

increasing the composition of the acetonitrile in the mobile phase to 85% acetonitrile over a 

period of 5 min. Each HPLC run lasted 15 min and a time period of 5 min was allowed for 

equilibration between runs. A volume of 20 µL of solutions of the test compounds in acetonitrile 

(1 mM) was injected into the HPLC system and the eluent was monitored at wavelengths of 

210, 254 and 300 nm. 

 

Fluorescence spectrophotometry was carried out with a Varian Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies). Microsomes from insect cells containing 

recombinant human MAO-A and MAO-B (5 mg/mL) were obtained from Sigma-Aldrich and were 

pre-aliquoted and stored at −80 oC. Kynuramine dihydrobromide, the MAO substrate, was also 

obtained from Sigma-Aldrich. 
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4.4.2 Chemical synthesis 

4.4.2.1 Synthesis of 7-hydroxy-1-tetralone 

7-Methoxy-1-tetralone (25.5 mmol) and anhydrous aluminium trichloride (63.8 mmol) were 

dissolved in toluene (15 mL). The reaction mixture was heated under reflux for 1.5 h and was 

subsequently cautiously quenched with 30 mL water. The resultant mixture was extracted to 

ethyl acetate (2 × 100 mL) and the combined organic phases were washed with water (2 × 30 

mL). The organic phase was dried over anhydrous magnesium sulphate and the solvent was 

evaporated with a rotary evaporator to yield an orange-brown solid. The crude was 

recrystallized from ethyl acetate. The yield of 88.6% was obtained. 

 

4.4.2.2 Synthesis 2-benzylidene-1-tetralones derivatives (2a–w) 

The 2-benzylidene-1-tetralone derivatives 2a–f and 2p were synthesised via the acid catalysed 

Claisen-Schmidt condensation reaction of an appropriately substituted 1-tetralone (1.850 mmol) 

and an aldehyde (2.035 mmol). These reactions were conducted in 15 mL of methanol 

containing 22.5 mL HCl (conc.). 2-Benzylidene-1-tetralone derivatives 2g–o and 2q–w were 

synthesised by base catalysis of the reaction between a 1-tetralone (2.052 mmol) and an 

aldehyde (2.257 mmol). These reactions were conducted in methanol (5 mL) containing 

potassium hydroxide (4.10 mmol). The acid catalysed reactions were stirred under reflux for 1–6 

h while the base catalysed reactions were stirred for 10–18 h at room temperature. With the 

exceptions of 2n and 2q, which were extracted to ethyl acetate (2 × 50 mL), the products were 

precipitated by addition of a minimum of 20 mL water. The crude products were collected by 

filtration and recrystallised from appropriate solvents as indicated below. 

 

(2E)-2-Benzylidene-3,4-dihydronaphthalen-1(2H)-one (2a)  

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and benzaldehyde in a 

yield of 67.4%: yellow crystals, mp 106.0–107.3 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.12 (d, J 

= 7.7 Hz, 1H), 7.86 (s, 1H), 7.50 – 7.30 (m, 7H), 7.26 – 7.20 (m, 1H), 3.15 – 3.08 (m, 2H), 2.93 

(t, J = 6.5 Hz, 2H); 13C NMR (CDCl3) δ ppm 187.90, 143.21, 136.64, 135.81, 135.43, 133.44, 

133.26, 129.86, 128.53, 128.42, 128.20, 128.16, 127.00, 28.85, 27.16. APCI-HRMS m/z: calcd 

for C17H14O [M+H]+, 235.1117, found: 235.1121. Purity (HPLC): 97.9%. 

 

3-[(E)-(1-Oxo-3,4-dihydronaphthalen-2(1H)-ylidene)methyl]benzonitrile (2b) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and 3-formylbenzonitrile in 

a yield of 73.1%: brown crystals, mp 138.9–140.0 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.11 (d, 

J = 7.7 Hz, 1H), 7.76 (s, 1H), 7.67 (s, 1H), 7.65 – 7.58 (m, 2H), 7.55 – 7.46 (m, 2H), 7.36 (t, J = 



96 

7.5 Hz, 1H), 7.28 – 7.22 (m, 1H), 3.05 (dd, J = 9.1, 3.8 Hz, 2H), 2.96 (t, J = 6.4 Hz, 2H); 13C 

NMR (CDCl3) δ ppm 187.25, 143.05, 137.58, 137.07, 133.97, 133.64, 133.60, 133.04, 132.77, 

131.64, 129.37, 128.30, 128.28, 127.20, 118.44, 112.78, 28.65, 27.11. APCI-HRMS m/z calcd 

for C18H13NO [M+H]+, 260.1070, found 260.1064. Purity (HPLC): 96.8%. 

 

3-[(E)-(7-Amino-1-oxo-3,4-dihydronaphthalen-2(1H)-ylidene)methyl]benzonitrile (2c)  

The title compound is a product of 6-amino-3,4-dihydronaphthalen-1(2H)-one and 3-

formylbenzonitrile in a yield of 31.2%: orange powder, mp 226.3–229.9 oC (ethanol). 1H NMR 

(DMSO-d6) δ ppm 7.92 (s, 1H), 7.79 (dd, J = 15.2, 7.8 Hz, 2H), 7.71 (d, J = 8.6 Hz, 1H), 7.63 (t, 

J = 7.8 Hz, 1H), 7.53 (s, 1H), 6.51 (dd, J = 8.6, 2.0 Hz, 1H), 6.34 (s, 1H), 6.23 (s, 2H), 2.93 (t, J 

= 5.9 Hz, 2H), 2.74 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 183.79, 154.19, 145.73, 

138.55, 137.12, 134.24, 132.89, 131.59, 130.94, 130.26, 129.70, 121.32, 118.65, 112.71, 

111.70, 110.56, 28.36, 26.70. APCI-HRMS m/z calcd for C18H14N2O [M+H]+, 275.1179, found 

275.1164. Purity (HPLC): 87.5%. 

 

(2E)-6-Amino-2-benzylidene-3,4-dihydronaphthalen-1(2H)-one (2d) 

The title compound is a product of 6-amino-3,4-dihydronaphthalen-1(2H)-one and 

benzaldehyde in a yield of 51.3%: brown shinny crystals, mp 230.0–233.6 oC (ethanol). 1H NMR 

(DMSO-d6) δ ppm 2.79 (t, J =6.40 Hz, 2 H) 2.99 (t, J =5.83 Hz, 2 H) 4.92 (br. s., 2 H) 6.68 (s, 1 

H) 6.80 (dd, J =8.28, 1.88 Hz, 1 H) 7.32–7.39 (m, 1 H) 7.40–7.50 (m, 4 H) 7.60 (s, 1 H) 7.81 (d, 

J =8.66 Hz, 1 H); 13C NMR (DMSO-d6) δ ppm 184.81, 148.48, 145.49, 136.10, 135.60, 134.24, 

129.92, 129.80, 128.59, 128.50, 124.98, 115.69, 114.58, 28.32, 26.74. APCI-HRMS m/z calcd 

for C17H15NO [M+H]+, 250.1226, found 250.1226. Purity (HPLC): 98.8%. 

 

(2I)-2-(4-Fluorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2e) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and 4-fluorobenzaldehyde 

in a yield of 60.0%: yellow crystals, mp 114.6–115.2 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.11 

(d, J = 7.8 Hz, 1H), 7.81 (s, 1H), 7.48 (td, J = 7.5, 1.2 Hz, 1H), 7.44 – 7.32 (m, 3H), 7.24 (d, J = 

6.1 Hz, 1H), 7.09 (t, J = 8.6 Hz, 2H), 3.12 – 3.05 (m, 2H), 2.96 – 2.90 (m, 2H); 13C NMR (CDCl3) 

δ ppm 187.72, 163.43, 161.77, 143.09, 135.49, 135.22, 133.37, 133.32, 131.77, 131.72, 

128.21, 128.16, 127.05, 115.61, 115.47, 28.75, 27.09. APCI-MS m/z calcd for C17H13FO [M+H]+, 

253.1023, found 253.1029. Purity (HPLC): 97.5%. 

 

(2E)-2-(3-Fluorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2f) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and 4-fluorobenzaldehyde 

in a yield of 58.9%: pale yellow crystals, mp 88.3–89.0 oC (ethanol). 1H NMR (CDCl3) δ ppm 
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8.11 (d, J = 7.8 Hz, 1H), 7.79 (s, 1H), 7.48 (td, J = 7.5, 1.1 Hz, 1H), 7.36 (ddd, J = 10.4, 9.4, 6.2 

Hz, 2H), 7.27 – 7.21 (m, 1H), 7.19 (d, J = 7.7 Hz, 1H), 7.11 (d, J = 9.8 Hz, 1H), 7.04 (td, J = 8.4, 

2.0 Hz, 1H), 3.13 – 3.06 (m, 2H), 2.95 (t, J = 6.4 Hz, 2H); 13C NMR (CDCl3) δ ppm 187.62, 

163.43, 161.80, 143.17, 137.98, 136.46, 135.13, 133.43, 133.27, 130.00, 128.22, 127.09, 

125.67, 116.26, 115.46, 28.74, 27.13. APCI-HRMS m/z calcd for C17H13FO [M+H]+, 253.1023, 

found 253.1052. Purity (HPLC): 96.8%. 

 

(2E)-2-Benzylidene-6-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2g) 

The title compound is a product of 6-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 

benzaldehyde in a yield of 25.9%: purple crystal, mp 199.8–200.8 oC (cyclohexane). 1H NMR 

(DMSO-d6) δ ppm 10.44 (s, 1H), 7.85 (d, J = 8.6 Hz, 1H), 7.63 (s, 1H), 7.51 – 7.40 (m, 4H), 7.37 

(t, J = 7.3 Hz, 1H), 6.77 (dd, J = 8.6, 2.3 Hz, 1H), 6.66 (d, J = 2.1 Hz, 1H), 3.01 (dd, J = 9.2, 3.6 

Hz, 2H), 2.82 (t, J = 6.5 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 185.26, 162.32, 146.06, 135.89, 

135.48, 134.48, 130.30, 129.77, 128.55, 128.51, 125.08, 114.78, 113.94, 28.24, 26.74. APCI-

HRMS m/z calcd for C17H14O2 [M+H]+, 251.1067, found 251.1047. Purity (HPLC): 96.8%. 

 

(2E)-2-Benzylidene-5-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2h) 

The title compound is a product of 5-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 

benzaldehyde in a yield of 71.8%: brown shinny crystal, mp 173.2–179.2 oC (dichloromethane). 

1H NMR (DMSO-d6) δ ppm 9.85 (s, 1H), 7.66 (s, 1H), 7.51 (d, J = 7.5 Hz, 2H), 7.45 (ddd, J = 

7.7, 4.2, 3.3 Hz, 3H), 7.38 (t, J = 7.3 Hz, 1H), 7.20 (t, J = 7.9 Hz, 1H), 7.07 (dd, J = 7.9, 1.0 Hz, 

1H), 3.03 (dd, J = 9.2, 3.7 Hz, 2H), 2.81 (t, J = 6.5 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 187.09, 

154.37, 135.62, 135.31, 135.20, 134.03, 130.12, 129.89, 128.69, 128.59, 127.06, 119.28, 

117.98, 26.10, 21.13. APCI-HRMS m/z calcd for C17H14O2 [M+H]+, 251.1067, found 251.1056. 

Purity (HPLC): 99.1%. 

 

(2E)-2-Benzylidene-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2i) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 

benzaldehyde in a yield of 47.5%: orange crystal, mp 160.3–160.7 oC (dichloromethane). 1H 

NMR (DMSO-d6) δ ppm 9.67 (s, 1H), 7.67 (s, 1H), 7.50 (d, J = 7.5 Hz, 2H), 7.45 (t, J = 7.6 Hz, 

2H), 7.41 – 7.32 (m, 2H), 7.17 (d, J = 8.3 Hz, 1H), 6.99 (dd, J = 8.2, 2.7 Hz, 1H), 3.02 (t, J = 5.7 

Hz, 2H), 2.80 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 186.77, 156.25, 135.63, 135.47, 

135.31, 134.12, 133.69, 129.88, 129.75, 128.73, 128.59, 121.43, 112.59, 27.12, 27.00. APCI-

HRMS m/z calcd for C17H14O2 [M+H]+, 251.1067, found 251.1048. Purity (HPLC): 99.4%. 
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(2E)-2-Benzylidene-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (2j) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 

benzaldehyde in a yield of 51.2%: pale yellow crystals, mp 121.5–122.7 oC (dichloromethane). 

1H NMR (CDCl3) δ ppm 7.85 (s, 1H), 7.61 (d, J = 2.8 Hz, 1H), 7.41 (dt, J = 15.2, 7.4 Hz, 4H), 

7.33 (dd, J = 9.9, 4.2 Hz, 1H), 7.15 (d, J = 8.3 Hz, 1H), 7.06 (dd, J = 8.3, 2.8 Hz, 1H), 3.85 (s, 

3H), 3.09 (td, J = 6.7, 1.6 Hz, 2H), 2.90 – 2.84 (m, 2H); 13C NMR (CDCl3) δ ppm 187.80, 158.62, 

136.68, 135.92, 135.85, 135.43, 134.23, 129.84, 129.42, 128.49, 128.40, 121.50, 110.26, 

55.52, 28.02, 27.34. APCI-HRMS m/z calcd for C18H16O2 [M+H]+, 265.1223, found 265.1212. 

Purity (HPLC): 99.2%. 

 

(2E)-2-(4-Fluorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2k) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 4-

fluorobenzaldehyde in a yield of 70.2%: yellow crystals, mp 199.9–200.9 oC (ethanol). 1H NMR 

(DMSO-d6) δ ppm 9.66 (s, 1H), 7.65 (s, 1H), 7.57 (dd, J = 8.5, 5.7 Hz, 2H), 7.33 (d, J = 2.7 Hz, 

1H), 7.28 (t, J = 8.8 Hz, 2H), 7.17 (d, J = 8.3 Hz, 1H), 6.98 (dd, J = 8.2, 2.7 Hz, 1H), 3.00 (t, J = 

5.8 Hz, 2H), 2.80 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 186.66, 162.85, 161.22, 

156.25, 135.47, 134.40, 134.08, 133.66, 132.22, 132.16, 129.75, 121.45, 115.65, 115.51, 

112.59, 27.04, 26.89. APCI-HRMS m/z calcd for C17H13FO2 [M+H]+, 269.0972, found 269.0962. 

Purity (HPLC): 99%. 

 

(2E)-2-(3-Fluorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2l) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 3-

fluorobenzaldehyde in a yield of 64.7%: orange shinny crystals, mp 149.1–150.2 oC 

(ethanol/cyclohexane). 1H NMR (DMSO-d6) δ ppm 9.68 (s, 1H), 7.64 (s, 1H), 7.52 – 7.44 (m, 

1H), 7.34 (dd, J = 10.1, 5.3 Hz, 3H), 7.21 (ddd, J = 21.9, 14.2, 5.2 Hz, 2H), 6.99 (dd, J = 8.2, 2.7 

Hz, 1H), 3.01 (dd, J = 9.0, 3.6 Hz, 2H), 2.81 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 

186.63, 162.90, 161.28, 156.27, 137.75, 136.78, 134.21, 133.56, 130.56, 129.80, 126.02, 

121.58, 116.39, 115.40, 112.58, 27.02, 26.96. APCI-HRMS (m/z) calcd for C17H13FO2 [M+H]+, 

269.0972, found 269.0976. Purity (HPLC): 98.7%. 

 

(2E)-2-(4-Chlorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2m) 

 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 4-

clorobenzaldehyde in a yield of 63.2%: peach shinny crystals, mp 197.2–198.3 oC 

(ethanol/cyclohexane). 1H NMR (DMSO-d6) δ ppm 9.67 (s, 1H), 7.63 (s, 1H), 7.51 (q, J = 8.6 

Hz, 4H), 7.33 (d, J = 2.7 Hz, 1H), 7.17 (d, J = 8.3 Hz, 1H), 6.99 (dd, J = 8.2, 2.7 Hz, 1H), 2.99 (t, 
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J = 5.7 Hz, 2H), 2.80 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 186.60, 156.26, 136.27, 

134.19, 134.13, 134.10, 133.59, 133.29, 131.66, 129.77, 128.61, 121.52, 112.58, 27.03, 26.95. 

APCI-HRMS m/z calcd for C17H13ClO2 [M+H]+, 285.0677, found 285.0652. Purity (HPLC): 99%. 

 

(2I)-2-(3-Chlorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2n) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 3-

clorobenzaldehyde in a yield of 29.0%: brown crystals, mp 150.7–151.8 oC (dichloromethane). 

1H NMR (DMSO-d6) δ ppm 9.68 (s, 1H), 7.62 (s, 1H), 7.56 (s, 1H), 7.50 – 7.41 (m, 3H), 7.33 (d, 

J = 2.7 Hz, 1H), 7.18 (d, J = 8.3 Hz, 1H), 6.99 (dd, J = 8.2, 2.7 Hz, 1H), 3.00 (t, J = 5.7 Hz, 2H), 

2.81 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 186.59, 156.27, 137.52, 136.96, 134.20, 

133.79, 133.53, 133.29, 130.39, 129.81, 129.31, 128.44, 128.39, 121.60, 112.57, 27.03, 26.96. 

APCI-HRMS m/z calcd for C17H13ClO2 [M+H]+, 285.0677, found 285.0665. Purity (HPLC): 

98.2%. 

 

(2E)-2-(3-Chlorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2o) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and 3-chlorobenzaldehyde 

in a yield of 76.4%: white crystals, mp: 112.1–113.2 oC (ethanol). 1H NMR (CDCl3) δ ppm 8.11 

(d, J = 7.8 Hz, 16H), 7.76 (s, 16H), 7.48 (td, J = 7.5, 0.9 Hz, 17H), 7.41 – 7.21 (m, 104H), 3.47 

(s, 4H), 3.08 (dd, J = 9.1, 3.8 Hz, 35H), 2.94 (t, J = 6.4 Hz, 35H); 13C NMR (CDCl3) δ ppm 

187.57, 143.17, 137.62, 136.61, 134.91, 134.35, 133.45, 133.25, 129.71, 129.48, 128.47, 

128.26, 128.23, 127.96, 127.10, 28.76, 27.15. APCI-HRMS m/z calcd for C17H13ClO [M+H]+, 

269.0728, found 269.0751. Purity (HPLC): 100%. 

 

(2E)-2-(4-Bromobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2p) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 4-

bromobenzaldehyde in a yield of 51.1%: yellow shinny crystals, mp 226.4–227.0 oC (ethanol). 

1H NMR (DMSO-d6) δ ppm 9.67 (s, 1H), 7.67 – 7.57 (m, 3H), 7.46 (d, J = 8.4 Hz, 2H), 7.33 (d, J 

= 2.6 Hz, 1H), 7.18 (d, J = 8.3 Hz, 1H), 6.99 (dd, J = 8.2, 2.7 Hz, 1H), 2.99 (t, J = 5.8 Hz, 2H), 

2.80 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 186.61, 156.26, 136.33, 134.53, 134.16, 

134.14, 133.58, 131.90, 131.53, 129.78, 122.04, 121.53, 112.58, 27.03, 26.96. APCI-HRMS 

m/z calcd for C17H13BrO2 [M+H]+, 329.0172 found 329.0145. Purity (HPLC): 100%. 

 

(2E)-2-(3-Bromobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2q) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 3-

bromobenzaldehyde in a yield of 36.9%: yellow granules, mp 149.6–150.0 oC (ethanol). 1H NMR 

(DMSO-d6) δ ppm 9.67 (s, 1H), 7.69 (s, 1H), 7.64 – 7.55 (m, 2H), 7.50 (d, J = 7.7 Hz, 1H), 7.40 
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(t, J = 7.9 Hz, 1H), 7.33 (d, J = 2.6 Hz, 1H), 7.18 (d, J = 8.3 Hz, 1H), 6.99 (dd, J = 8.2, 2.7 Hz, 

1H), 2.99 (t, J = 5.8 Hz, 2H), 2.81 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 186.55, 

156.25, 137.79, 136.95, 134.18, 133.72, 133.52, 132.14, 131.31, 130.62, 129.79, 128.72, 

121.84, 121.59, 112.56, 27.03, 26.94. APCI-HRMS m/z calcd for C17H13BrO2 [M+H]+, 329.0172, 

found: 329.0167. Purity (HPLC): 97.7%. 

 

(2E)-7-Hydroxy-2-(4-hydroxybenzylidene)-3,4-dihydronaphthalen-1(2H)-on (2r) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 4-

hydroxybenzaldehyde in a yield of 39.2%: brown crystals, mp 249.5–249.7 oC (ethyl acetate). 1H 

NMR (DMSO-d6) δ ppm 9.92 (s, 1H), 9.60 (s, 1H), 7.61 (s, 1H), 7.39 (d, J = 8.5 Hz, 2H), 7.31 (d, 

J = 2.6 Hz, 1H), 7.16 (d, J = 8.3 Hz, 1H), 6.96 (dd, J = 8.2, 2.7 Hz, 1H), 6.84 (d, J = 8.6 Hz, 2H), 

3.02 (t, J = 5.9 Hz, 2H), 2.79 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 186.61, 158.35, 

156.17, 136.17, 133.96, 133.82, 132.49, 132.08, 129.57, 126.16, 121.04, 115.51, 112.58, 

27.01, 27.01. APCI-HRMS m/z calcd for C17H14O3 [M+H]+, 267.1016, found 267.1027. Purity 

(HPLC): 100%. 

 

(2E)-7-Hydroxy-2-(4-methylbenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2s) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 4-

dimethylbenzaldehyde in a yield of 60.3%: yellow crystals, mp 181.0–181.7 oC (ethanol). 1H 

NMR (DMSO-d6) δ ppm 9.64 (s, 1H), 7.64 (s, 1H), 7.41 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 2.6 Hz, 

1H), 7.26 (d, J = 7.9 Hz, 2H), 7.17 (d, J = 8.3 Hz, 1H), 6.98 (dd, J = 8.2, 2.6 Hz, 1H), 3.02 (t, J = 

5.8 Hz, 2H), 2.79 (t, J = 6.4 Hz, 2H), 2.33 (s, 3H); 13C NMR (DMSO-d6) δ ppm 186.71, 156.22, 

138.52, 135.60, 134.81, 134.01, 133.75, 132.46, 129.96, 129.68, 129.18, 121.30, 112.58, 

27.08, 27.01, 20.97. APCI-HRMS m/z calcd for C18H16O2 [M+H]+, 265.1223, found 265.1224. 

Purity (HPLC): 100%. 

 

(2E)-2-[4-(Dimethylamino)benzylidene]-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2t) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 4-

(dimethylamino)benzaldehyde in a yield of 66.3%: orange crystals, mp 235.4–245.6 oC 

(ethanol). 1H NMR (DMSO-d6) δ ppm 9.58 (s, 1H), 7.62 (s, 1H), 7.42 (d, J = 8.7 Hz, 2H), 7.30 (d, 

J = 2.6 Hz, 1H), 7.15 (d, J = 8.2 Hz, 1H), 6.94 (dd, J = 8.2, 2.7 Hz, 1H), 6.76 (d, J = 8.4 Hz, 2H), 

3.04 (t, J = 6.0 Hz, 2H), 2.97 (s, 6H), 2.78 (t, J = 6.5 Hz, 2H); 13C NMR (DMSO-d6) δ ppm 

186.35, 156.15, 150.42, 136.89, 134.21, 133.59, 131.96, 130.66, 129.43, 120.75, 112.59, 

111.86, 27.12, 27.01. APCI-HRMS m/z calcd C19H19NO2 [M+H]+, 294.1489, found 294.1487. 

Purity (HPLC): 98.5%. 
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(2E)-2-(3,4-Dichlorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2u) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 3,4-

dichlobenzaldehyde in a yield of 58.1%: orange crystals, mp 183.6–184.6 oC (dichloromethane). 

1H NMR (DMSO-d6) δ ppm 9.68 (s, 1H), 7.77 (d, J = 1.5 Hz, 1H), 7.69 (d, J = 8.3 Hz, 1H), 7.59 

(s, 1H), 7.49 (dd, J = 8.4, 1.5 Hz, 1H), 7.33 (d, J = 2.7 Hz, 1H), 7.18 (d, J = 8.3 Hz, 1H), 6.99 

(dd, J = 8.2, 2.7 Hz, 1H), 2.99 (t, J = 5.7 Hz, 2H), 2.81 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) δ 

ppm 186.44, 156.27, 137.40, 136.10, 134.19, 133.45, 132.76, 131.52, 131.32, 131.08, 130.65, 

129.87, 129.81, 121.64, 112.55, 26.95, 26.92. APCI-HRMS m/z calcd for C17H12Cl2O2 [M+H]+, 

319.0287, found 319.0282. Purity (HPLC): 96.1%. 

 

 

 

(2E)-2-(4-Methoxybenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2v) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and 3-

methoxybenzaldehyde in a yield of 62.1%: yellow crystals, mp 75.4–77.9 oC (ethanol). 1H NMR 

(CDCl3) δ ppm 8.14 – 8.09 (m, 1H), 7.82 (s, 1H), 7.47 (td, J = 7.5, 1.3 Hz, 1H), 7.38 – 7.29 (m, 

2H), 7.23 (d, J = 7.7 Hz, 1H), 7.02 (d, J = 7.6 Hz, 1H), 6.95 (s, 1H), 6.89 (dd, J = 8.2, 2.2 Hz, 

1H), 3.82 (s, 3H), 3.12 (td, J = 6.6, 1.6 Hz, 2H), 2.93 (t, J = 6.5 Hz, 2H); 13C NMR (CDCl3) δ ppm 

187.86, 159.48, 143.24, 137.16, 136.49, 135.70, 133.43, 133.27, 129.43, 128.20, 128.17, 

127.00, 122.26, 115.31, 114.04, 55.27, 28.84, 27.23. APCI-HRMS m/z calcd for C18H16O2 

[M+H]+, 265.1223, found 265.1229. Purity (HPLC): 97.1%. 

 

(2E)-7-Hydroxy-2-(4-methoxybenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2w) 

The title compound is a product of 7-hydroxy-3,4-dihydronaphthalen-1(2H)-one and 4-

methoxybenzaldehyde in a yield of 63.8%: yellow crystals, mp 184.2–185.2 oC 

(dichloromethane). 1H NMR (DMSO-d6) δ ppm 9.63 (s, 1H), 7.64 (s, 1H), 7.49 (d, J = 8.7 Hz, 

2H), 7.32 (d, J = 2.7 Hz, 1H), 7.16 (d, J = 8.3 Hz, 1H), 7.01 (d, J = 8.7 Hz, 2H), 6.97 (dd, J = 8.2, 

2.7 Hz, 1H), 3.79 (s, 3H), 3.03 (t, J = 5.8 Hz, 2H), 2.79 (t, J = 6.4 Hz, 2H); 13C NMR (DMSO-d6) 

δ ppm 186.63, 159.72, 156.20, 135.60, 133.88, 133.86, 133.47, 131.82, 129.61, 127.71, 

121.17, 114.10, 112.58, 55.27, 27.03, 26.99. APCI-HRMS m/z calcd for C18H16O3 [M+H]+, 

281.1172, found 281.1163. Purity (HPLC): 99.7%. 
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4.5 Determination of IC50 values for the inhibition of the MAOs 

The IC50 values for the inhibition of MAO-A and MAO-B were determined using the recombinant 

human enzymes as described in literature (Strydom et al., 2011). All enzymatic reactions were 

carried out in 96-well microtiter plates in potassium phosphate buffer (100 mM, pH 7.4) which 

was made isotonic with KCl. The final volumes of the reactions were 200 μL and contained (1) 

MAO-A (0.0075 mg protein/mL) or MAO-B (0.015 mg protein/mL), (2) the mixed MAO-A/B 

substrate kynuramine (50 μM) and (3) the test inhibitors (0.003–100 μM). Stock solutions of the 

test inhibitors were prepared in DMSO and added to the reactions to yield a final concentration 

of 4% (v/v) DMSO. The reactions were incubated in a convection oven at 37 oC for 20 min and 

terminated with the addition of 80 μl NaOH (2N). The concentrations of the MAO generated 4-

hydroxyquinoline in the reactions were measured by fluorescence spectrophotometry (λex = 310 

nm, λem = 400 nm) (Novaroli et al., 2005). To quantify 4-hydroxyquinoline, a linear calibration 

curve was constructed from solutions of authentic 4-hydroxyquinoline (0.0469–1.5 μM) 

dissolved in the reaction buffer. The rates of kynuramine oxidation were calculated and the rate 

data were fitted to the one site competition model incorporated into the Prism software package 

(GraphPad). From the resulting sigmoidal curves (catalytic rate versus the logarithm of the 

inhibitor concentration), the IC50 values were estimated. All experiments were carried out in 

triplicate and the IC50 values are expressed as mean ± standard deviation (SD). 
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APPENDIX B: SPECTRA 

1H NMR, 13 C NMR, HRMS and HPLC 

(2E)-2-Benzylidene-3,4-dihydronaphthalen-1(2H)-one (2a)  

1H NMR 

 

 

HRMS 
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13C NMR 

 

 

HPLC 
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3-[(E)-(1-Oxo-3,4-dihydronaphthalen-2(1H)-ylidene)methyl]benzonitrile (2b) 

1H NMR 

 

13C NMR 
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HRMS 

 

 

 

HPLC 
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3-[(E)-(7-Amino-1-oxo-3,4-dihydronaphthalen-2(1H)-ylidene)methyl]benzonitrile (2c) 

 

1H NMR 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-6-Amino-2-benzylidene-3,4-dihydronaphthalen-1(2H)-one (2d) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(4-Fluorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2e) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(3-Fluorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2f) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-Benzylidene-6-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2g) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-Benzylidene-5-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2h) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 

 

l  
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(2E)-2-Benzylidene-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2i) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-Benzylidene-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (2j) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(4-Fluorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2k) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(3-Fluorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2l) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(4-Chlorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2m) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(3-Chlorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2n) 

1H NMR 

 

 

13C NMR 

 

  



132 

HRMS 

 

 

HPLC 

 

  



133 

(2E)-2-(3-Chlorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2o) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(4-Bromobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2p) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(3-Bromobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2q) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 

 

  



139 

(2E)-7-Hydroxy-2-(4-hydroxybenzylidene)-3,4-dihydronaphthalen-1(2H)-on (2r) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-7-Hydroxy-2-(4-methylbenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2s) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 

 

  



143 

(2E)-2-[4-(Dimethylamino)benzylidene]-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2t) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(3,4-Dichlorobenzylidene)-7-hydroxy-3,4-dihydronaphthalen-1(2H)-one (2u) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-2-(4-Methoxybenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2v) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 
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(2E)-7-Hydroxy-2-(4-methoxybenzylidene)-3,4-dihydronaphthalen-1(2H)-one (2w) 

1H NMR 

 

 

13C NMR 
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HRMS 

 

 

HPLC 

 

‘
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CHAPTER 5: ARTICLE 3 

Synthesis and in vitro evaluation of 2-heteroarylidene-1-tetralone 
derivatives as monoamine oxidase inhibitors 

____________________________________________________________________________ 

Klaudia T. Amakali a, Lesetja J. Legoabe a,
, Anél Petzer a,b and Jacobus P. Petzer a,b  

aCentre of Excellence for Pharmaceutical Sciences, North-West University, Private Bag X6001, 

Potchefstroom 2520, South Africa 

bPharmaceutical Chemistry, School of Pharmacy, North-West University, Private Bag X6001, 

Potchefstroom 2520, South Africa 

 

ABSTRACT 

The present study investigates the human monoamine oxidase (MAO) inhibition properties of a series of twelve 2-heteroarylidene-1-

tetralone derivatives. Also included are the cyclohexylmethylidene cyclopentylmethylidene and benzylidene substituted 1-tetralones. 

These compounds are related to the 2-benzylidene-1-indanone class of compounds which has previously been shown to inhibit the 

MAOs, with specificity for the MAO-B isoform. The target compounds were synthesised by the Claisen-Schmidt condensation between 

7-methoxy-1-tetralone or 1-tetralone and various aldehydes, employing KOH as base. The results of the MAO inhibition studies showed 

that the 2-heteroarylidene-1-tetralone derivatives are in most instances more selective inhibitors of the MAO-B isoform (compared to 

MAO-A). (2E)-2-(Cyclohexylmethylidene)-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (IC50 = 0.895 μM) was found to be the most 

potent MAO-B inhibitor, while the most potent MAO-A inhibitor was (2E)-2-[(2-chloropyridin-3-yl)methylidene]-7-methoxy-3,4-

dihydronaphthalen-1(2H) (IC50 = 1.37 μM). The effect of the heteroaromatic substituent on MAO-B inhibition activity, in decreasing 

order was found to be: cyclohexyl, phenyl > thiophene > pyridine, furane, pyrrole, cyclopentyl. This study has identified 2-

heteroarylidene-1-tetralone derivatives that may serve as lead compounds for the future design of MAO inhibitors, compounds that are 

used in the clinic as antiparkinsonian agents. 

 

5.1 Introduction 

The monoamine oxidases (MAOs) are enzymes responsible for the metabolism of monoamine 

neurotransmitters such as serotonin, norepinephrine and dopamine, thereby modulating their 

concentrations in the central and peripheral tissues. The MAOs exist as two isoforms, MAO-A 

and MAO-B, which are products of distinct genes. Although the amino acid sequences of the 

MAO isoforms are 70% identical, (Bach et al., 1988) they differ significantly in their three-

dimensional structures (Ferino et al., 2013), tissue distributions (Grimsby et al., 1990), inhibitor 

selectivities (Ma et al., 2004) and substrate specificities (Shih et al., 1999; Geha et al., 2001). 

The MAOs also have different physiological roles. MAO-B is a key enzyme for the metabolism 

of dopamine in the human brain and represents a target for the development of drugs for the 

treatment of Parkinson’s disease and Alzheimer’s disease (Fernandez & Chen, 2007). 

Examples of MAO-B inhibitors that are used in the clinic for the treatment of Parkinson’s 

disease are selegiline and rasagiline (Figure 5.1). MAO-A is a major serotonin metabolising 

                                                

 Corresponding author. Tel.: +27 18 299 2182; fax: +27 18 299 4243; e-mail: lesetja.legoabe@nwu.ac.za 



152 

enzyme in the brain and is thus a drug target for the treatment of depression (Fowler et al., 

2002). MAO-A inhibitors that have been used for the treatment of depressive illness include 

tranylcypromine and moclobemide. An important consideration in MAO inhibitor design is the 

reversibility of inhibition. Irreversible MAO-A inhibitors are used with caution due to a potentially 

f;atal hypertensive event that may occur when these medications are combined with tyramine-

containing food. This adverse effect is termed the “cheese reaction” and occurs when MAO-A is 

irreversibly inhibited. Since tyramine is metabolised by MAO-A in the gastrointestinal tract, 

irreversible inhibition of MAO-A leads to increased systemic concentrations of tyramine. 

Tyramine is a sympathomimetic amine and causes the release of noradrenaline from peripheral 

neurons leading to an increase in blood pressure. Reversible MAO-A inhibitors are considered 

to be safer in this regard and do not potentiate the sympathomimetic effects of tyramine. For the 

design of MAO inhibitors, a high degree of specificity for MAO-B and a reversible mode of MAO-

A inhibition are therefore desirable characteristics. 

 

 

Figure 5.1: Structures of selective MAO-B inhibitors in clinical use for the treatment of 

Parkinson’s disease. 

 

Chalcones are α,β-unsaturated aromatic ketones that are essentially planar due to the presence 

of carbon atoms with sp2 hybridization (de Oliveira et al., 2012). Traditional medicinal use of 

chalcone-containing plants led to the discovery of their potential therapeutic applications (Devia 

et al., 1999). Chalcones possess a broad spectrum of pharmacological activities including 

antimalarial, anticancer, anti-inflammatory, antifungal, antimicrobial, antioxidant and 

chemopreventive activities (Rahman, 2011; Mousavi et al., 2014; Rozmer & Perjési, 2014). Of 

interest to us are reports that chalcones act as inhibitors of the MAO enzymes. For example, 

Chimenti and coworkers (2009) found that, with the appropriate substitution on the phenyl rings, 

synthetic chalcone derivatives may act as high potency inhibitors of the human MAOs. This is 

exemplified by chalcone (1), which inhibits human MAO-B with an IC50 value of 0.0044 µM 

(Figure.5.2) (Chimenti et al., 2009). This compound is highly specific for the MAO-B isoform and 

does inhibit MAO-A at concentrations up to 50 µM. Another study has recently investigated the 

human MAO inhibition properties of a series of furanochalcones and discovered potent MAO-B-

selective inhibitors with the most active compound (2) exhibiting an IC50 value of 0.174 µM 
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(Robinson et al.,2013). Other heterocyclic chalcones have also been found to inhibit MAO-B 

potently and with high specificity as exemplified by 3, which possesses an IC50 value of 0.067 

µM (Minders et al., 2015). 

 

 

Figure.5.2: Some chalcone derivatives that inhibit the MAO-B enzymes. 

 

The current study further explores the structure-activity relationships (SARs) for chalcones as 

MAO inhibitors by introducing conformational restriction and heteroaromatic substitution. This 

will be done by cyclising the structure of chalcone to yield a series of twelve 2-heteroarylidene-

1-tetralone derivatives (4a–l) (Figure 5.3). These compounds are not only related to heterocyclic 

chalcones that have been reported to act as MAO-B specific inhibitors, but are also derivatives 

of the 2-benzylidene-1-indanone class of compounds which has previously been shown to 

inhibit the MAOs, also with specificity for the MAO-B isoform. This study will explore methoxy 

substitution on the tetralone phenyl ring (ring A) while a variety of heterocycles (pyridine, furan, 

pyrrole, thiophene) will be introduced as rings B. For comparison, the effect of non-

heteroaromatic systems (cyclohexyl, cyclopentyl) and the phenyl ring as rings B will also be 

investigated. 

 

 

Figure 5.3: The 2-heteroarylidene-1-tetralone derivatives investigated in this study. 
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5.2 Results 

5.2.1 Chemistry 

The 2-heteroarylidene-1-tetralone derivatives were synthesised by the Claisen-Schmidt 

condensation between 1-tetralone (5) or 7-methoxy-1-tetralone (6) and various aldehydes (7) in 

reactions catalysed by KOH and HCl with methanol serving as solvent. The structures of the 

products were verified by 1H NMR, 13C NMR and mass spectrometry while the purities were 

estimated by HPLC. These data are cited in the supplementary information. On the 1H NMR 

spectra of the 2-heteroarylidene-1-tetralone derivatives the anticipated signal of the vinylic 

proton of the α,β-unsaturated moiety was observed at approximately 7.6–8.0 ppm. Where 

appropriate the methoxy CH3 group was evident as a sharp singlet in the region of δ 3.78–3.85 

ppm. On the 13C NMR spectra signals in the regions δ 185.6–188.2 ppm and δ 55.5–55.6 ppm 

represent the carbonyl and methoxy carbons, respectively. 

 

5.2.2 MAO inhibition studies 

For the inhibition studies, the catalytic activities of MAO-A and MAO-B were determined by 

measuring the production of 4-hydroquinoline (4-HQ) from the oxidation of kynuramine by the 

MAOs. 4-HQ is fluorescent in basic media and can thus be measured by fluorescence 

spectrophotometry at endpoint, after alkalinisation of the enzyme reactions. Recombinant 

human MAO-A and MAO-B served as enzyme sources (Novaroli et al., 2005). By measuring 

MAO activities in the presence of the 2-heteroarylidene-1-tetralone derivatives, sigmoidal 

graphs (rate of enzyme catalysis versus logarithm of inhibitor concentration) were constructed 

with the Prism 5 software package (GraphPad) from which IC50 values were estimated. 

 

The potencies by which the 2-heteroarylidene-1-tetralone derivatives inhibit MAO-A and MAO-B 

are expressed as the IC50 values and are given in Table.5-1. The inhibitors exhibit moderate 

inhibitory activities for MAO-A and MAO-B with the IC50 values mostly in the micromolar range. 

With the exception of 4g, the 2-heteroarylidene-1-tetralone derivatives display little isoform 

selectivity. Compound 4g is a MAO-A selective inhibitor and does not inhibit MAO-B at a 

maximal tested concentration of 100 µM.  This compound also was the most potent MAO-A 

inhibitor of the series. The most potent MAO-B inhibitor of the series was the phenyl substituted 

derivative, (4l). Although the IC50 values are for the most part spaced closely together, some 

preliminary SARs may be derived: (1) Among the derivatives evaluated, phenyl substitution (4l) 

is most optimal for MAO-B inhibition while the 2-chloro-3-pyridine moiety (4g) yields weakest 

MAO-B inhibition. 2-Chloro-3-pyridine and phenyl substitution, however, are most optimal for 

MAO-A inhibition; (2) The thiophene substituted derivatives (4j, 4k) are more potent MAO-B  
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Figure 5.4: Synthetic route to the 2-heteroarylidene-1-tetralone derivatives. 
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inhibitors than the pyridine (4c–g) substituted compounds; (3) Substitution with the non-

aromatic cyclohexyl ring (4a) also yields relatively potent MAO-B inhibition. Interestingly, the 

cyclopentane derivative (4b) is comparatively weaker as a MAO-B inhibitor; (5) In general the 

effect of substitution on MAO-B inhibition potency in decreasing order is: cyclohexyl, phenyl > 

thiophene > pyridine, furane, pyrrole, cyclopentyl;  (6) Methoxy substitution on ring A (4e) yields 

more potent MAO inhibition compared to the unsubstituted homologue (4d).  

 

 

Figure 5.5: 3-Dimensional structures (MMFF94) of chalcone derivatives 4l (left) and 1 

(right). 
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Table.5-1: IC50 values for the inhibition of human MAO-A and MAO-B by 2-

heteroarylidene-1-tetralone derivatives. 

 

Compound cLogPa MAO-A (IC50 
μM ± SD)b 

MAO-B (IC50 
μM ± SD)b 

SIc R1  (R2) 

4a 
5.20 ± 
0.84 

4.59 ± 2.11 0.895 ± 0.066 5.1 
7-
OMe  

4b 
4.63 ± 
0.84 

32.3 ± 4.85 5.46 ± 0.978 5.9 
7-
OMe  

4c 
3.40 ± 
0.86 

8.85 ± 0.981 3.37 ± 0.580 2.6 
7-
OMe  

4d 
3.61 ± 
0.45 

23.4 ± 0.055 6.26 ± 0.241 3.7 7-H 
 

4e 
3.27 ± 
0.84 

8.22 ± 0.402 2.69 ± 0.373 3.1 
7-
OMe  

4f 
3.52 ± 
0.84 

5.82 ± 0.541 6.04 ± 0.355 0.96 
7-
OMe  

4g 
3.98 ± 
0.85 

1.37 ± 0.209 No Inhibition - 
7-
OMe  

4h 
4.39 ± 
0.85 

6.31 ± 0.349 4.53 ± 0.629 1.4 
7-
OMe  

4i 
3.30 ± 
0.86 

14.5 ± 1.60 4.69 ± 0.245 3.1 
7-
OMe 

 

4j 
4.58 ± 
0.95 

6.03 ± 0.062 1.75 ± 0.126 3.4 
7-
OMe  

4k 

 

4.56 ± 
0.95 

3.86 ± 0.608 1.03 ± 0.144 3.7 

 

7-
OMe 

 

4l  
3.57 ± 
0.83 

1.96 ± 0.064 0.707 ± 0.088 2.8 
7-
OMe  

Lazabemide - 202d 0.091d  
 

Toloxatone - 3.92d -  

aCalculated by Chemsketch. bAll values are reported as mean ± standard deviation (SD) of 

triplicate experiments. cSelectivity index (SI) = IC50(MAO -A)/IC50(MAO-B).  
dInhibition values for 

the reference inhibitors were obtained from literature (Petzer et al., 2013). 
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5.3 Discussion 

The chalcone class of compounds is well known for inhibitors of the MAOs, with specificity for 

the MAO-B isoform. This is exemplified by the study of Chimenti et al. (2009) in which a series 

of chalcone derivatives substituted on both phenyl rings exhibited very good specificity for MAO-

B with potencies in the micro to nanomolar range. The most potent MAO-B inhibitor, compound 

(1) (IC50 = 0.0044 μM) is considerably better than the derivatives of the current study. 

Furanochalcones (such as (2), IC50 = 0.174 μM) and other heterocyclic chalcones (such as (3), 

IC50 = 0.067 μM) (Robinson et al., 2013; Minders et al., 2015) also are more potent MAO-B 

inhibitors than the 2-heteroarylidene-1-tetralone derivatives of this study. This suggests that 

introducing conformational restriction and heteroaromatic substitution such as with derivatives 

(4) do not improve MAO inhibition compared to open chain chalcones and heterocyclic 

chalcones. Although the molecular basis for this behaviour is not clear, it may be suggested that 

conformational freedom and rotation of the α,β-unsaturated ketone moiety of chalcone, although 

limited, is important for establishing productive interactions with the MAO-B active site. 

Alternatively, the 2-heteroarylidene-1-tetralone derivatives “freezes” the structures in a 

conformation that is not optimal for MAO-B binding compared to the open chain chalcones. To 

illustrate this, the calculated three-dimensional structures (MMFF94) of chalcone derivative (1) 

and a 2-heteroarylidene-1-tetralone derivative (4l) are shown in (Figure 5.4). As shown (1) 

significantly deviates from planarity compared to chalcone (4l), which is frozen in a coplanar 

conformation. The flexibility of (1) compared to (4l) may, in part, explain its ability to better bind 

to the MAO-B active site. 

 

5.4 Experimental section 

5.4.1 Chemicals and instrumentation 

All reagents and solvents were from Sigma-Aldrich and were used without further purification. 

Column chromatography was carried out with silica gel 60 (Fluka, particle size 0.063–0.200 

mm) while thin-layer chromatography (TLC) was performed on 0.20 mm thick aluminium sheets 

coated with silica gel 60 (Macherey-Nagel). 1H and 13C nuclear magnetic resonance (NMR) 

spectra were recorded on a Bruker Avance III 600 spectrophotometer at 600 MHz and 151 

MHz, respectively, and CDCl3 or DMSO-d6 served as NMR solvent. Chemical shifts are 

reported in parts per million (∂) and were referenced to the residual solvent signal (CDCl3: 7.26 

and 77.16 ppm for 1H and 13C, respectively; DMSO-d6: 2.50 and 39.52 ppm for 1H and 13C, 

respectively). Spin multiplicities are given as s (singlet), d (doublet), t (triplet), dd (doublet of 

doublets), dt (doublet of triplets), tt (triplet of triplets), q (quartet), qn (quintet), m (multiplet) or 

brs (broad singlet). Melting points (mp) were determined on a Buchi B-545 melting point 

apparatus and were not corrected. 
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Chemical purity was determined by high performance liquid chromatography (HPLC). HPLC 

analyses were performed using an Agilent 1200 series HPLC system equipped with a 

quaternary pump and an Agilent 1200 series diode array detector. A Venusil XBP C18 column 

(4.60 × 150 mm, 5 μm) was used for separation and the mobile phase consisted initially of 30% 

acetonitrile and 70% MilliQ water at a flow rate of 1 mL/min. At the start of each HPLC run a 

solvent gradient program was initiated by linearly increasing the composition of the acetonitrile 

in the mobile phase to 85% acetonitrile over a period of 5 min. Each HPLC run lasted 15 min 

and a time period of 5 min was allowed for equilibration between runs. A volume of 20 µL of 

solutions of the test compounds in acetonitrile (1 mM) was injected into the HPLC system and 

the eluent was monitored at wavelengths of 210, 254 and 300 nm. 

 

5.4.2 Synthesis and characterisation of the inhibitors (4a–l) 

The 2-heteroarylidene-1-tetralone derivatives (4a–k) were synthesised via the base-catalysed 

Claisen-Schmidt condensation reaction of 1-tetralone or 7-methoxy-1-tetralone (2.27 mmol) and 

appropriately aldehydes (2.497 mmol). The reactants and potassium hydroxide (4.54 mmol) 

were dissolved in 5 mL methanol and stirred for 10–18 h at room temperature. Compound 4l on 

the other hand was synthesised using concentrated hydrochloric acid (22 mL) as a catalyst also 

via the Claisen-Schmidt condensation reaction. The products were precipitated by addition of a 

minimum of 20 mL water and the crude products were collected by filtration, and recrystallised 

from a suitable solvent (ethanol). 

 

(2E)-2-(Cyclohexylmethylidene)-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4a)  

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 

cyclohexanecarbaldehyde in a yield of 10.6%: light brown crystals, mp 94.0–95.1 oC (ethyl 

acetate). 1H NMR (CDCl3) δ ppm 7.56 (d, J = 2.7 Hz, 1H), 7.13 (d, J = 8.3 Hz, 1H), 7.02 (dd, J = 

8.3, 2.8 Hz, 1H), 6.74 (d, J = 9.7 Hz, 1H), 3.83 (s, 3H), 2.89 – 2.82 (m, 2H), 2.75 (t, J = 6.0 Hz, 

2H), 2.42 – 2.31 (m, 1H), 1.80 – 1.50 (m, 5H), 1.37 – 1.16 (m, 5H); 13C NMR (CDCl3) δ ppm 

187.86, 158.49, 145.13, 136.40, 134.50, 133.24, 129.40, 121.14, 110.20, 55.51, 37.27, 32.24, 

28.46, 25.95, 25.82, 25.63. APCI-MS (m/z) calcd for C18H22O2. [M+H]+, 271.1693, found 

271.1723. Purity (HPLC): 99.5%. 

 

(2E)-2-(Cyclopentylmethylidene)-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4b)  

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 

cyclopentanecarbaldehyde in a yield of 24.6%: yellow oil (ethyl acetate). 1H NMR (CDCl3) δ ppm 

7.56 (d, J = 2.7 Hz, 1H), 7.13 (d, J = 8.3 Hz, 1H), 7.02 (dd, J = 8.3, 2.8 Hz, 1H), 6.84 (d, J = 9.8 
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Hz, 1H), 3.82 (d, J = 4.2 Hz, 3H), 2.92 – 2.73 (m, 5H), 1.96 – 1.08 (m, 8H); 13C NMR (CDCl3) δ 

ppm 187.67, 158.50, 145.29, 136.40, 134.50, 133.54, 129.40, 121.12, 110.22, 55.51, 38.90, 

33.34, 28.36, 25.96, 25.61. APCI-MS (m/z) calcd for C17H20O2 [M+H]+, 257.1536, found 

257.1552. Purity (HPLC): 97.1%. 

 

(2E)-7-Methoxy-2-(pyridin-2-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4c) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 

picolinaldehyde in a yield of 45.3%: yellow crystals, mp 86.8–89.1 oC (ethanol). 1H NMR (CDCl3) 

δ 8.71 – 8.65 (m, 1H), 7.75 – 7.67 (m, 2H), 7.60 (d, J = 2.7 Hz, 1H), 7.42 (d, J = 7.8 Hz, 1H), 

7.22 – 7.14 (m, 2H), 7.06 (dd, J = 8.3, 2.8 Hz, 1H), 3.85 (s, 3H), 3.59 – 3.52 (m, 2H), 2.95 – 

2.88 (m, 2H); 13C NMR (CDCl3) δ ppm 188.16, 158.54, 155.36, 149.43, 139.18, 136.75, 136.34, 

134.01, 133.53, 129.54, 126.96, 122.64, 121.67, 110.21, 55.52, 27.93, 27.01. APCI-MS (m/z) 

calcd for C17H15NO2 [M+H]+, 266.1176, found 266.1166. Purity (HPLC): 100%. 

 

(2E)-2-(Pyridin-3-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4d) 

The title compound is a product of 3, 4-dihydronaphthalen-1(2H)-one and nicotinaldehyde in a 

yield of 29.7%: yellow crystals, mp 77.5–77.7 oC (petroleum ether). 1H NMR (CDCl3) δ ppm 8.67 

(s, 1H), 8.59 – 8.49 (m, 1H), 8.11 (d, J = 7.8 Hz, 1H), 7.81 – 7.66 (m, 2H), 7.48 (td, J = 7.5, 1.1 

Hz, 1H), 7.30 (ddd, J = 56.7, 10.9, 6.5 Hz, 3H), 3.08 (dd, J = 9.1, 3.8 Hz, 2H), 2.95 (t, J = 6.4 

Hz, 2H); 13C NMR (CDCl3) δ ppm 187.27, 150.49, 149.13, 143.08, 137.46, 136.77, 133.54, 

133.11, 132.50, 131.70, 128.28, 128.24, 127.14, 123.30, 28.71, 27.15. APCI-MS (m/z) calcd for 

C16H13NO [M+H]+, 236.1070, found 236.1062. Purity (HPLC): 98.5% 

 

(2E)-7-Methoxy-2-(pyridin-4-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4e) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 

isonicotinaldehyde in a yield of 66.9%: yellow crystals, mp 136.9–137.6 oC (ethanol).  1H NMR 

(CDCl3) δ ppm 8.64 (d, J = 5.5 Hz, 2H), 7.68 (s, 1H), 7.58 (d, J = 2.7 Hz, 1H), 7.25 (t, J = 5.7 

Hz, 2H), 7.15 (d, J = 8.4 Hz, 1H), 7.07 (dd, J = 8.3, 2.8 Hz, 1H), 3.84 (s, 3H), 3.03 (dd, J = 9.0, 

3.7 Hz, 2H), 2.88 (t, J = 6.4 Hz, 2H); 13C NMR (CDCl3) δ ppm 187.14, 158.72, 149.97, 143.49, 

138.84, 135.92, 133.77, 133.11, 129.57, 123.78, 121.97, 110.25, 55.52, 27.87, 27.32. APCI-MS 

(m/z) calcd for C17H15NO2 [M+H]+, 266.1176, found 266.1189. Purity (HPLC): 100%. 
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(2E)-7-Methoxy-2-(pyridin-3-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4f) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 

nicotinaldehyde in a yield of 72.2%: peach crystals, mp 105.4–107.1 oC (ethanol). 1H NMR 

(CDCl3) δ ppm 8.68 (s, 1H), 8.56 (d, J = 2.9 Hz, 1H), 7.76 (s, 1H), 7.71 (d, J = 7.9 Hz, 1H), 7.59 

(d, J = 2.7 Hz, 1H), 7.34 (dd, J = 7.7, 4.9 Hz, 1H), 7.15 (d, J = 8.4 Hz, 1H), 7.07 (dd, J = 8.3, 2.8 

Hz, 1H), 3.85 (s, 3H), 3.06 (dd, J = 9.1, 3.7 Hz, 2H), 2.89 (t, J = 6.4 Hz, 2H); 13C NMR (CDCl3) δ 

ppm 187.22, 158.71, 150.50, 149.12, 137.49, 136.76, 135.83, 133.91, 132.54, 129.53, 123.31, 

121.83, 110.28, 55.54, 27.92, 27.36. APCI-MS (m/z) calcd for C17H15NO2, [M+H]+, 266.1176, 

found 266.1176. Purity (HPLC): 98.6%. 

 

(2E)-2-[(2-Chloropyridin-3-yl)methylidene]-7-methoxy-3,4-dihydronaphthalen-1(2H)-one 

(4g) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 2-

chloronicotinaldehyde in a yield of 75%: yellow crystals, mp 131.0–132.0 oC (ethanol). 1H NMR 

(CDCl3) δ ppm 8.36 (dd, J = 4.7, 1.5 Hz, 1H), 7.75 (s, 1H), 7.65 – 7.59 (m, 2H), 7.28 (dd, J = 

7.5, 4.8 Hz, 1H), 7.15 (d, J = 8.4 Hz, 1H), 7.07 (dd, J = 8.4, 2.8 Hz, 1H), 3.85 (s, 3H), 2.89 (s, 

4H); 13C NMR (CDCl3) δ ppm 187.00, 158.73, 151.37, 149.05, 138.76, 138.61, 135.96, 133.77, 

131.12, 131.04, 129.62, 122.01, 121.99, 110.25, 55.54, 28.00, 27.49. APCI-MS (m/z) calcd for 

C17H14NO2Cl [M+H]+, 300.0786, found 300.0803. Purity (HPLC): 99.4%  

 

 

(2E)-2-(Furan-2-ylmethylidene)-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4h) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and furan-2-

carbaldehyde in a yield of 85.5%: yellow crystals, mp 90.1–90.9 oC (petroleum ether). 1H NMR 

(CDCl3) δ ppm 7.60 – 7.52 (m, 3H), 7.15 (d, J = 8.3 Hz, 1H), 7.04 (dd, J = 8.3, 2.8 Hz, 1H), 6.69 

(d, J = 3.4 Hz, 1H), 6.50 (dd, J = 3.3, 1.8 Hz, 1H), 3.84 (s, 3H), 3.32 – 3.25 (m, 2H), 2.95 – 2.89 

(m, 2H); 13C NMR (CDCl3) δ ppm 187.27, 158.57, 152.48, 144.30, 136.22, 134.29, 131.80, 

129.36, 122.85, 121.27, 116.53, 112.19, 110.20, 55.51, 27.49, 26.84. APCI-MS (m/z) calcd for 

C16H14O3 [M+H]+, 255.1016, found 255.1011. Purity (HPLC): 100%. 

 

(2E)-7-Methoxy-2-(1H-pyrrol-2-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4i) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 1H-pyrrole-

2-carbaldehyde in a yield of 35%: yellow crystals, mp 186.1–190.2 oC (ethanol). 1H NMR 

(DMSO) δ ppm 11.53 (s, 1H), 7.70 (s, 1H), 7.39 (d, J = 2.7 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 

7.14 – 7.05 (m, 2H), 6.64 (d, J = 2.7 Hz, 1H), 6.27 (s, 1H), 3.78 (s, 3H), 3.00 (t, J = 6.2 Hz, 2H), 

2.87 (t, J = 6.6 Hz, 2H); 13C NMR (DMSO) δ ppm 185.60, 158.10, 135.34, 134.36, 129.59, 
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128.55, 127.42, 126.95, 122.60, 120.02, 113.46, 110.90, 110.08, 55.23, 26.56, 26.40. APCI-MS 

(m/z) calcd for C16H15NO2 [M+H]+, 254.1176, found 254.1182. Purity (HPLC): 99.1%. 

 

(2E)-7-Methoxy-2-(thiophen-2-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4j) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and thiphene-2-

carbaaldehyde in a yield of 86.2%: yellow crystals, mp 106.5–116.9 oC (ethanol). 1H NMR 

(CDCl3) δ ppm 8.02 (s, 1H), 7.58 (d, J = 2.7 Hz, 1H), 7.49 (d, J = 5.0 Hz, 1H), 7.38 (d, J = 3.4 

Hz, 1H), 7.19 – 7.08 (m, 2H), 7.05 (dd, J = 8.3, 2.8 Hz, 1H), 3.85 (s, 3H), 3.16 (dd, J = 9.3, 3.8 

Hz, 2H), 2.95 (t, J = 6.5 Hz, 2H); 13C NMR (CDCl3) δ ppm 187.05, 158.63, 139.13, 135.67, 

134.42, 133.23, 131.76, 129.47, 129.33, 129.31, 127.54, 121.26, 110.27, 55.52, 27.27, 27.19. 

APCI-MS (m/z) calcd for C16H14O2S [M+H]+, 271.0787, found 271.0765. Purity (HPLC): 100%. 

 

(2E)-7-Methoxy-2-(thiophen-3-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4k) 

The title compound is a product of 3,4-dihydronaphthalen-1(2H)-one and thiophene-3-

carbaldehyde in a yield of 83.0%: cream crystals, mp 135.4–136.9 oC (ethanol). 1H NMR 

(CDCl3) δ ppm 7.82 (s, 1H), 7.58 (d, J = 2.8 Hz, 1H), 7.50 (d, J = 2.5 Hz, 1H), 7.36 (dd, J = 4.9, 

3.0 Hz, 1H), 7.28 (dd, J = 5.0, 0.7 Hz, 1H), 7.15 (d, J = 8.3 Hz, 1H), 7.05 (dd, J = 8.3, 2.8 Hz, 

1H), 3.85 (s, 3H), 3.15 – 3.08 (m, 2H), 2.90 (t, J = 6.5 Hz, 2H); 13C NMR (CDCl3) δ ppm 187.55, 

158.62, 137.36, 135.76, 134.38, 133.76, 130.52, 129.35, 128.96, 127.71, 125.83, 121.35, 

110.25, 55.52, 27.59, 27.39. APCI-MS (m/z) calcd for C16H14O2S [M+H]+, 271.0787, found 

271.0805. Purity (HPLC): 99.5%. 

 

(2E)-2-Benzylidene-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4l) 

The title compound is a product of 7-methoxy-3,4-dihydronaphthalen-1(2H)-one and 

benzaldehyde in a yield of 51.2%: pale yellow crystals, mp 121.5–122.7 oC (dichloromethane). 

1H NMR (CDCl3) δ ppm 7.85 (s, 1H), 7.61 (d, J = 2.8 Hz, 1H), 7.41 (dt, J = 15.2, 7.4 Hz, 4H), 

7.33 (t, J = 7.0 Hz, 1H), 7.15 (d, J = 8.3 Hz, 1H), 7.06 (dd, J = 8.3, 2.8 Hz, 1H), 3.85 (s, 3H), 

3.09 (td, J = 6.7, 1.6 Hz, 2H), 2.90 – 2.84 (m, 2H); 13C NMR (CDCl3) δ ppm 187.80, 158.62, 

136.68, 135.92, 135.85, 135.43, 134.23, 129.84, 129.42, 128.49, 128.40, 121.50, 110.26, 

55.52, 28.02, 27.34. APCI-HRMS m/z calcd for C18H16O2 [M+1]+, 265.1223, found 265.1212. 

Purity (HPLC): 99.2%. 
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5.4.3 Determinations of IC50 values 

The IC50 values for the inhibition of human MAO-A and MAO-B were determined as described in 

literature (Strydom et al., 2011). All enzymatic reactions were carried out in 96-well microtiter 

plates in potassium phosphate buffer (100 mM, pH 7.4) to a final volume of 200 μL. The 

reactions contained MAO-A (0.0075 mg protein/mL) or MAO-B (0.015 mg protein/mL), the 

mixed MAO-A/B substrate kynuramine (50 μM) and the test inhibitors (0.003–100 μM). DMSO 

was added to the reactions to yield a final concentration of 4% (v/v) DMSO. The reactions were 

incubated at 37 °C for 20 min and terminated with the addition of 80 μL NaOH (2N). The 

concentrations of the MAO generated 4-hydroxyquinoline in the reactions were measured by 

fluorescence spectrophotometry (λex = 310 nm, λem = 400 nm) (Novaroli et al., 2005). To 

quantify 4-hydroxyquinoline, a linear calibration curve was constructed from solutions of 

authentic 4-hydroxyquinoline (0.0469–1.5 μM). The rates of kynuramine oxidation were 

calculated and the rate data were fitted to the one site competition model incorporated into the 

Prism software package (GraphPad). From the resulting sigmoidal curves (catalytic rate versus 

the logarithm of the inhibitor concentration), the IC50 values were estimated. All experiments 

were carried out in triplicate and the IC50 values are expressed as mean ± standard deviation 

(SD).  
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APPENDIX C: SPECTRA 

1H NMR, 13 C NMR, HRMS and HPLC 

(2E)-2-(Cyclohexylmethylidene)-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4a) 

1H NMR 

 

 

APCI-MS 
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13C NMR 

 

 

HPLC 
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(2E)-2-(Cyclopentylmethylidene)-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4b) 

1H NMR 

 

13C NMR 

 

  



170 

APCI-MS 

 

 

HPLC 
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(2E)-7-Methoxy-2-(pyridin-2-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4c) 

1H NMR 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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(2E)-2-(Pyridin-3-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4d) 

1H NMR 

 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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(2E)-7-Methoxy-2-(pyridin-4-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4e) 

1H NMR 

 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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(2E)-7-Methoxy-2-(pyridin-3-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4f) 

1H NMR 

 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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(2E)-2-[(2-Chloropyridin-3-yl) methylidene]-7-methoxy-3,4-dihydronaphthalen-1(2H)-one 

(4g) 

1H NMR 

 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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(2E)-2-(Furan-2-ylmethylidene)-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4h) 

1H NMR 

 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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(2E)-7-Methoxy-2-(1H-pyrrol-2-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4i) 

1H NMR 

 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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(2E)-7-Methoxy-2-(thiophen-2-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4j) 

1H NMR 

 

 

13C NMR 

 

  



186 

APCI-MS 

 

 

HPLC 
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(2E)-7-Methoxy-2-(thiophen-3-ylmethylidene)-3,4-dihydronaphthalen-1(2H)-one (4k) 

1H NMR 

 

 

13C NMR 
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lAPCI-MS 

 

 

HPLC 
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(2E)-2-Benzylidene-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (4l) 

1H NMR 

 

 

13C NMR 
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APCI-MS 

 

 

HPLC 
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CHAPTER 6: SUMMARY AND CONCLUSION 

The MAO enzymes are important targets for the treatment of PD. PD is a disorder found mainly 

in the aged population and is characterised by the depigmentation of the SNpc which is caused 

by the selective and progressive degeneration of dopaminergic neurons (Lees et al., 2009). The 

subsequent depletion of dopamine in the central regions leads to the abnormal regulation of the 

motor circuit and the clinical manifestation of PD (Dauer & Przedborski, 2003).  

 

Since the discovery of levodopa as therapy for PD 45 years ago, levodopa has been the most 

effective therapy for the symptomatic treatment of PD. Levodopa constitutes dopamine 

replacement therapy (Thanvi & Lo, 2004). MAO exists as two distinct isoforms, MAO-A and 

MAO-B (Bach et al., 1988). In the brain MAO-B predominates and represents a key metabolic 

pathway for DA. Thus, MAO-B inhibitors are currently used as adjuncts to levodopa in PD 

therapy (Fernandez & Chen, 2007). An important consideration of MAO inhibitors is the 

reversibility and selectivity of inhibition. Irreversible MAO-A inhibitors are used with caution in 

the clinic since these compounds may potentiate the sympathomimetic effects of dietary 

tyramine (Youdim & Bakhle, 2006). Tyramine, present in certain food such as cheese and wine, 

is metabolised by MAO-A in the gut and peripheral organs, which limits its entry into the 

systemic circulation. Irreversible MAO-A inhibitors prevent the peripheral breakdown of tyramine 

leading to excessive systemic concentrations and a potentially fatal increase in blood pressure 

termed the “cheese reaction” (Hubalek et al., 2005; Finberg, 2014).These adverse effects can 

be as disabling as the disease itself and are often inevitable. This led to the application of other 

drugs as replacement and/or adjunct therapies to levodopa which are aimed at preventing or 

treating chronic levodopa complications. The drugs include amongst others dopamine agonists, 

peripheral dopa decarboxylase inhibitors, catechol-O-methyl-transferase inhibitors and MAO-B 

inhibitors. Unfortunately, some of these alternative therapies may also result in complications 

and therefore much research is aimed at discovering new potent and safe drugs for PD. 

 

Chalcone (1,3-diphenyl-2-propen-1-one) derivatives have recently been shown to act as potent 

and selective inhibitors of MAO-B. Chalcones evolve naturally in edible plants and are the 

precursors of flavonoids and isoflavonoids (Patil et al., 2009; Prashar et al., 2012). This study 

further explored the SARs for chalcones as MAO inhibitors by introducing conformational 

restriction and heteroaromatic substitution. This was done by cyclising the structure of chalcone 

to yield three series of 2-benzylidene-1-tetralones as well as 2-heteroarylidene-1-tetralone 

derivatives as potential new classes of MAO inhibitors. It was hypothesised that cyclic 

chalcones would also act as inhibitors of MAO. The development of analogues with restricted or 
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rigid conformations may result in the selective binding to target sites, which could result in very 

active drugs with reduced unwanted adverse effects (Gareth, 2007).  

 

The three series of chalcones studied were synthesised using the Claisen-Schmidt reaction. 

Reactions were catalysed by either acid (HCl) or base (NaOH/KOH/piperidine) and were 

conducted at room temperature. In most instances, methanol served as solvent (except the 

solvent-less piperidine catalysed reactions). Under these conditions the appropriately 

substituted cyclic ketones and aldehydes were reacted to yield characteristic 2-benzylidene-1-

tetralone as well as 2-heteroarylidene-1-tetralone derivatives. The target compounds were 

characterised by 1H NMR and 13C NMR, APCI-MS. HPLC was used to estimate the chemical 

purities of all compounds which were mostly in the range 96−100%. 

 

For the inhibition studies, the catalytic activities of MAO-A and MAO-B were determined by 

measuring the production of 4-hydroquinoline (4-HQ) from the oxidation of kynuramine by the 

MAOs. 4-HQ is fluorescent in basic media and can thus be measured by fluorescence 

spectrophotometry at endpoint, after alkalinisation of the enzyme reactions. The IC50 values 

from the three series studied indicate that the compounds are generally moderate inhibitors of 

MAO. 

 

Series 1 explored the MAO inhibition properties of benzylidene-substituted indanones, 

tetralones, benzosuberones, chromones, chromanones and thiochromanones. Compound 1f, a 

1-indanone derivative, exhibited good MAO inhibitory activities with IC50 values of 0.346 μM and 

0.420 μM for the inhibition of MAO-A and MAO-B, respectively. Since the 1-indanone derivative 

is the most potent MAO-A inhibitor, it was concluded that ring expansion is not desirable for 

MAO-A inhibition by cyclic chalcones. The IC50 values for the inhibition of MAO-B, shows that 

compound 1b, the 4-chromanone derivative, is the most potent MAO-B inhibitor of the series 

with an IC50 value of 0.156 µM. It may thus be concluded that among the cyclic chalcones 

evaluated, 1b is the most appropriate lead for the discovery of PD therapy. 

 

The second series of the study further explored the MAO inhibition properties of 2-benzylidene-

1-tetralone derivatives. In this respect, ten derivatives exhibited IC50 values for the inhibition of 

MAO-B <0.1 µM while only two derivatives, 2m and 2p, possess IC50 values for the inhibition for 

MAO-A <1 µM. The most potent MAO-B inhibitor, derivative 2u, exhibited an IC50 value of 

0.0064 μM. From this study it may be concluded that 7-hydroxy substitution on the A-ring 

combined with substitution on the B-ring with a variety of substituents (F, Cl, Br, CH3, N(CH3)2, 
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OCH3) yield particularly potent MAO-B inhibitors. In fact all 2-benzylidene-1-tetralone derivatives 

with this substitution pattern exhibited IC50 < 0.109 µM. 

 

Finally the 2-heteroarylidene-1-tetralone derivatives examined in series 3 with the exception of 

4g display little isoform selectivity. Compound 4g is a MAO-A selective inhibitor and it was also 

the most potent MAO-A inhibitor. The phenyl substituted derivative, 4l, was the most potent 

MAO-B inhibitor of the series. In general the effect of substitution on MAO-B inhibition potency 

in decreasing order was: cyclohexyl, phenyl > thiophene > pyridine, furane, pyrrole, cyclopentyl. 

In addition, methoxy substitution on ring A (4e) yielded more potent MAO inhibition compared to 

the unsubstituted homologue (4d). This supports the notion that a combination of polar and 

lipophilic substituents on rings A and B, respectively, facilitate MAO inhibition. 

 

Previous studies have confirmed that the chalcone class of compounds act as inhibitors of the 

MAOs, with specificity for the MAO-B isoform. Open-chain chalcones are considerably more 

potent MAO inhibitors than the derivatives of the current study. This suggests that introducing 

conformational restriction does not improve MAO inhibition compared to open-chain chalcones. 

Although the molecular basis for this behaviour is not clear, it may be suggested that 

conformational freedom and rotation of the α,β-unsaturated ketone moiety of chalcone, although 

limited, is important for establishing productive interactions with the MAO-B active site. 

Alternatively, the restricted derivatives are “frozen” in conformations that are not optimal for 

MAO-B binding compared to the open-chain chalcones. To illustrate this, the calculated three-

dimensional structures (MMFF94) of chalcone derivative 1 and a 2-heteroarylidene-1-tetralone 

derivative (4l) in series 3 shows that 1 significantly deviates from planarity compared to 

chalcone 4l, which is frozen in a coplanar conformation. The flexibility of 1 compared to 4l may, 

in part, explain its ability to better bind to the MAO-B active site. 

 

In conclusion, although not as potent as open-chain chalcones, some ring-closed derivatives of 

the present study possess promising MAO inhibition properties, and may find application in the 

treatment of PD. However, reversibility of MAO inhibition and toxicological studies are required 

to confirm these compounds’ viability as potential PD therapeutic drugs. Determination of 

reversibility of MAO inhibition is especially essential to establish safety, particularly with respect 

to the hypertensive response elicited by irreversible MAO-A inhibitors when taken with dietary 

tyramine (Da Prada, 1988). Adding to that more SARs could unfold cyclic structures with better 

biological and chemical interactions with the MAO enzymes which can result in more potent 

compounds for application as antiparkinsonian drugs.  
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